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DECLARATION UND^R37 CRR, 5L132 
Daniel McCallus, declare that: 

L I currently hold the position of Director, Vector Technology with Nucleonics, Inc. I have a 
Ph.D in Immunology, and have worked in the field of nucleic acid expression systems, including 
DNA vaccines, since 1 993 and in the field of RNA interference as well as other areas of RNA 
biology from 2002 to the present, A copy of my Curriculum Vitae is submitted herewith as 
Attachment A. 



2. I am familiar with the above-referenced application and its prosecution, including the 
rejections of the claims as set forth in the 0£6ce Action dated September 7, 2007. I am also 
familiar with Werther et al (U.S. Patent No. 5,929,040), Fire et al (U.S. Patent No. 6,506,559), 
Heifetz ^af/. (WO 99/61631), Calabretta <af/. (U.S. Patent no. 5,734,039), and Thompson a/. 
(U.S, Patent No. 6,146,886), all of which have been cited against the current pending claims. 

3. At the time the invention was made, it was generally believed that inhibition of gene 
expression by RNA interference as reported in nematodes would not be a viable mechanism for 
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sequence-specific inhibition of gene expression in mammalian cells due to the induction of the 
interferon response (also known as the PKR response). It was well known in the field that long 
double-stranded RNA molecules in particular activated an interferon-induced protein kinase 
(PKR, previously known a$ DAI) in mammalian cells that produced global effects on gene 
expression and in some cases, induced apoptosis. 

4. The well-documented PKR response spurred investigators to examine RNA interference 
mechanisms in mammalian cells in more detail. It was known that activation of PKR by double 
stranded RNA molecules was length-dependent, and efficiency in activating the enzyme 
increased with increasing chain length (see Manche et al (1992) Mol Cell. Bio. 12: 5238-5248 
(Attachment B)). Double stranded RNA molecules less than 30 base pairs failed to activate 
PKR, while maxirainn activation appeared lo occur with double stranded RNA molecules longer 
than 80 base pairs (see Minks et al (1979) J. BioL Chem.. 254: 10180-10183 (Attachment C))- 
Given the extensive literature on the non-specific effects on inhibition of gene expression and 
induction of the PKR response with long double stranded KMA molecules in mammalian cells, I 
did not believe prior to the present invention that mammalian genes could be targeted for 
sequence-specific gene expression with double stranded RNA molecules longer than 30 base 
pairs. Confirming my notions, several reports were published describing the necessity to limit 
the length of the double stranded RNA molecules to less than 30 base pairs to avoid the PKR 
response and achieve sequence-specific gene silencing (see for example Capjen et al (2001) 
Proc. Natl. Acad Sci. USA 98: 9742^9747 (Attachment D) aiid Elbashir et al (2001) Nature 411: 
494-498 (Attachment E)). 

5. As a person having much experience and knowledge in this field, I do not believe that the 
claimed invention would have been obvious in April of 2000 from tihie disclosures of the 
references recited in paragraph 2. Specificallyj, Fire et al and Heifetz et al describe methods of 
target gene silencing using double stranded RNA molecules in nematodes and plants, 
respectively. These organisms do not exhibit the PKR response to double stranded RNA 
molecules as mammals do. For the reasons discussed m paragraphs 3 and 4, a scientist working 
in this field would not have been motivated to substitute the double stranded RNA molecules 
disclosed in Fire et al and Heifetz et al for the antisense sequences in the constructs disclosed in 
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Werthei et al and Calabretta et al to silence target gene expression in mammalian cells. It was 
known that long double stranded RNA molecules produced non-specific inhibition of gene 
expression in mammalian cells and did not result in sequence-specific gene silencing as observed 
in other systems. Thus, the skilled artisan would not have expected to achieve sequence-specific 
gene silencing in mammalian cells with the double stranded RNA molecules used by Fire et al 
and Heifetz et al.y let alone express multitarget double stranded RNA molectiles from a single 
vector claimed in the present invention. 

6. The present invention also provides expression vectors for expressii^ multiple double 
Stranded RNA molecules from different promoters. In April of 2000, 1 was aware of the widely 
reported phenomenon of promoter interference and was concerned that such a construct might 
not express each of the double-stranded RNA molecules efficiently. Promoter interference is 
characterized by reduced or complete loss of gene expression from one promoter when multiple 
transcription units aie contained within the same vector. Promoter interference has been 
observed in various biological systenas and has been reported to occur vdth RNA pol III 
promoters (see for example Hull et al. (1994) Mol Cell Bio. 14: 1266-1277 (Attachment F)). 

7. The problems encountered with promoter interference when attempting to express two or 
more genes from a single expression vector prompted alternative approaches, such as inclusion 
of internal ribosome entry sites in the constructs, to achieve sufficient expression of aU the genes. 
Although this strategy allows one to obtain multiple protein products from a single polycistronic 
mRNA, it does not allow one to produce multiple RNA products as would be required for the 
production of antisense or double stranded RNA molecules. Thus, promoter interference 
remained a recognized problem to the skilled artisan, and although solutions were available if 
one were interested in obtaining expression of multiple protein products, these solutions were not 
applicable to the expression of multiple RNAs. 

8. Calabretta et al. describe a composition containing two different antisense molecules and 
speculate tliat the two antisense molecules could be expressed in situ from a single vector using 
two different promoters. For the reasons disctissed in paragraphs 6 and 7, 1 would not have 
believed that the two antlsMse molecules described by Calabretta et al. would be produced with 
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similar efBciency* Indeed, no examples using this hypothetical construct are disclosed in the 
reference. Therefore, in April of 2000, a scientist working in this field would not have been 
motivated to combine with a reasonable expectation of success the disclosures of Caiabretta et 
ai and Werther et al with the disclosures of Fire et al and Heifetz et al to arrive at a vector 
expressing multiple double stranded RNAs« 

9. I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further, that these 
statements are made with, the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both* under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 




Date 



Daniel McCallus, Ph.D, 
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EXPERIENCE: 



NUCLEONICS INC, Horsham, PA 



2002 - present 



Director, Vector Technology and Preclinical Research 

RNA interfereDce (RNAi) vector development and analysis 
Associate scientist supervision 
Biosafety ofificer 

Assistant Director 

RNA interference (RNAQ vector development and analysis 
Associate scientist supervision 

Scientist 

RNA interference (RNAi) vector development and analysis 
In vivo study coordination 

• Constrocted plasm id DNA vectors designed to express double-stranded RNA 

• Designed in vivo studies and maintained external collaborations designed to assess 
activity of RNAi vectors 



GLAXOSMITHKLINE, CollegevUle, PA 2001 - 2002 

Principal Research Scientist 

Transcriptome Analysis 
Clotting Factor Analysis 

• Used microarrays to determine host response to influenza virus infection 

• GLP development and use of assays to measure clotting factor responses in sepsis 

AXCELL BIOSCIENCES, Newtown, PA 2000 - 200 1 

Principal Research Scientist 

Bacterial Protein Expression 
cDNA Library Screening 

• Developed methods for expression of recalcitrant protein domains. 

• Used peptides to search for novel members of protein domain families. 

WYETH-AYERST RESEARCH, Malvern, PA 1 998 - 2000 
Principal Research Scientist 



Plasmid Vector Development 
Associate Scientist Supervision 
Vector Expression Analysis 
C>l:okine Expression Technology 
Oene Expression Technology 

• Developed expression system for analysis of bacterial ORF expression. 

• Cloned genes for guinea pig IL-1 2. 

• Developed plans for cytoplasmic expression system for DNA vaccines. 

APOLLON, INC., Malvern, PA 1 993 - 1 998 

Seoior Research Scientist (1995-1 998) 

Plasmid Vector Development 
Cytokine Vector Development 
Vector Expression Analysis 
External Collaboration Coordination 
Biosafety Officer 

• Constructed DNA vaccine vectors for viral and bacterial targets. 

• Developed monocistronic and bicistronic plasmids designed to express cytokine 
genes. 

• Developed tissue culture expression technologies to analyze protein expression from 
DNA vaccines. 

• Developed external collaboration for the in vivo testing of candidate DNA vaccines. 
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Research Scientist (1993-199S) 

Plasmid Vector Development 
Vector Expression Analysis 

• Constructed DNA vaccine vectors for retroviral targets including Rev-independent 
gag/pol and env expression. 

• Developed competitive immunological assays to anajyze tissue culture protein 
expression from DNA vaccines. 

POST-DOCTORAL 

POSITIONS: USDA-ARS-ERRC, Wyndmoor, PA 199M 993 (Ching-Hsing Llao) 

UNIVERSITY OF PENNSYLVANIA, Philadelphia 1989^1991 (David B. Weiner) 



EDUCATION: Ph.D-, Immunology, CORNELL UNIVERsrrY, lUiaca, NY 1 989 

M.S.» Immunology, CORNELL UNIVERSITY, Ithaca, NY 1985 
B*S*, Microbiology, PENNSYLVANIA STATE UNTVERSUY, University Park, PA 1 983 

COMPUTER Word Processing, Excel, PowerPoint Internet 

SKILLS: 
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Interactions between Double-Stranded RNA Regulators and 

the Protein Kinase DAI 
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The interferon-induced protein kinase DAI, the double-stranded RNA (dsRNA)-activated inhibitor of 
translation, plays a key role in regulating protein synthesis in higher cells. Once activated, in a process that 
involves autophosphorylation, it phosphorylates the initiation factor eIF-2, leading to inhibition of polypeptide 
chain initiation. The activity of DAI is controlled by RNA regulators, including dsRNA activators and highly 
structured single-stranded RNAs which block activation by dsRNA. To elucidate the mechanism of activation, 
we studied the Interaction of DAI with RNA duplexes of discrete sizes. Molecules shorter than 30 bp fail to bind 
stably and do not activate the enzyme, but at high concentrations they prevent activation by long dsRNA. 
Molecules longer than 30 bp bind and activate the enzyme, with an efficiency that increases with increasing 
chain length, reaching a maximum at about 85 bp. These dsRNAs fail to activate at high concentrations and 
also prevent activation by long dsRNA. Analysis of complexes between dsRNA and DAI suggests that at 
maximal packing the enzyme interacts with as little as a single helical turn of dsRNA (11 bp) but under 
conditions that allow activation the binding site protects about 80 bp of duplex. When the RNA*binding site is 
fully occupied with an RNA activator, the complex appears to undergo a conformational change. 



Protein synthesis is modulated at several levels, most 
commonly at the stage of polypeptide chain initiation, and 
the phosphoiylation of initiation factors plays a key role in 
controlling this process (reviewed in references 19 and 20). 
In mammalian cells, a regulatory mechanism involving an 
RNA-activated protein kinase and the eukaryotic initiation 
factor 2 (eIF-2) has been intensively studied. This initiation 
factor forms a ternary complex with GTP and Met-tRNAp 
and delivers the initiator tRNA to the ribosomal site of 
protein synthesis initiation. Discharged eIF-2 is subse- 
quently released as a complex with GDP which must be 
replaced with GTP to permit the formation of another 
ternary complex in preparation for a further round of initia- 
tion. The factor is composed of three dissimilar subunits, a, 
and 7. Phosphorylation of a single residue, serine-51 of 
the a subunit» inhibits translation by trapping a second 
initiation factor, the guanosine nucleotide exchange factor 
(or eIF-2B), which is required to catalyze the substitution of 
GTP for GDP in the discharged eIF-2 complex. Phosphory- 
lation of sufficient eIF-2 can sequester all of the guanosine 
nucleotide exchange factor, thereby preventing eIF-2 recy- 
cling and halting the initiation pathway. 

In mammals, two protein kinases are capable of phosphor- 
ylating the a subunit of eIF-2 in this way (reviewed in 
references 20, 37, and 46). One of them, the heme-controlled 
repressor, is found chiefly in reticulocytes. It is activated by 
the absence of hemin, as well as by other stimuli, and serves 
to prevent the accumulation of globin in the absence of iron 
or heme. A second kinase, the double-stranded RNA-acti- 
vated inhibitor (DAI; also referred to as PI kinase, p68 
kinase, Pl/eIF-2a kinase, and PK^jjj, etc.) is present in a wide 
range of tissues. DAI is an important element in the host 
antiviral response, and its synthesis is induced at the tran- 
scriptional level by interferon (reviewed in references 21, 54, 
56, and 59). The enzyme is ribosome associated (11, 34) and 
normally exists in an inactive or latent state. Under some 
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circumstances, DAI activation leads to the virtually com- 
plete abrogation of protein synthesis, while in other circum- 
stances it may contribute to the selective translation of 
particular classes of mRNA (8, 24, 26, 36, 47, 60). It has also 
been implicated in cellular differentiation (23, 52), in the 
inhibition of ceil proliferation (6, 51), in the heat shock 
response (10), and possibly in transcriptional induction (61, 
64). Moreover, in yeast cells, the related protein kinase 
GCN2 mediates the growth response to amino acid starva- 
tion (9). As its name implies, DAI is activated by double- 
stranded RNA (dsRNA). Other poly anions such as heparin 
can also activate it, while small, highly structured RNA 
molecules such as adenovirus VA RNA suppress its activa- 
tion (38). Thus, DAI is a pivotal cellular regulatory enzyme 
whose level and activity are modulated by factors of both 
viral and cellular origin. 

The interactions between DAI and its RNA effectors are 
complicated and incompletely understood. The kinase is 
activated by dsRNA but not by DNA or DNA-RNA hybrids 
(22, 32, 35, 58). Single-stranded RNA, either synthetic or 
natural, is also inactive unless it can form extended hairpin- 
like structures (5, 22). There is no discernible sequence 
dependence for activation by dsRNA, and limited mismatch- 
ing (44) and some modified bases (2, 45, 62) are tolerated, but 
the activity of dsRNA is reduced by ethidium bromide (1), 
suggesting that the topological form of the RNA duplex is 
important. Activation is accompanied by autophosphoryla- 
tion of the kinase at multiple sites on serine and threonine 
residues (3, 11, 14, 30), and results in a change of substrate 
specificity such that the activated enzyme can phosphorylate 
the a subunit of eIF-2 and some other proteins (53, 58) but 
can no longer phosphorylate other molecules of DAI (29). 
Once activated, however, the phosphorylated enzyme is 
unaffected by the addition or removal of dsRNA (11, 58, 63). 

Activation of DAI by dsRNA displays a paradoxical 
concentration dependence: the enzyme is activated by low 
concentrations of dsRNA (in the range of 10 to 100 ng/ml), 
but higher concentrations are decreasingly efifective activa- 
tors, giving rise to a bell-shaped activation curve (11, 22, 27, 



5238 



Vol. 12, 1992 



INTERACTIONS OF dsRNA WITH PROTEIN KINASE DAI 5239 



B 





X 

E 
o 
CD 



o 



l"**^ 



X CD X 



o 

X 



c 
o. 



358 



23 nt 



Kpnl 



34 nt 



40nt 



35 ni 



4 Hcem 
> Xhol 

' > Soil 



67 ft* 



35 nt 



104 n? 



Hindin 

) EcoRI 

> 8GmHI 

> Esgl 



104 
85 

67 



55 



\ - , - ' : , <f r " 



40 
35 

30 
25 



— 404 
309 

^ 242.238 

— 217 

> 20t 

> 190 
:}^ 180 

> 160 
14? 

^ 123 
ilO 

— 90 

— 76 

— 67 



34 



26 



20- .• -'"^ 

FIG. 1. Synthesis and characterization of RNA duplexes. (A) Schematic of short dsRNAs produced by transcription of pBSII KS+ 
polyiinker sequences. The several transcripts of 15 to 104 nt synthesized by T3 RNA polymerase (rightward arrows) were annealed to the 
complementary 358-nt transcript (leftward arrows) synthesized by T7 RNA polymerase. After RNase digestion, the duplexes were purified 
by electrophoresis in nondenaturing gels. (B) Analysis of the purified dsRNAs in denaturing conditions. Samples of the radiolabeled dsRNAs 
were heated in formamide and resolved by electrophoresis in a 10% polyacryiamide-7 M urea gel. The fixed and dried gel was subjected to 
autoradiography. Size markers were single-stranded RNAs synthesized as described in part A (left) and pBR322-f^aII DNA fragments 
(right). 



33). High concentrations of dsRNA prevent the activation 
process but do not interfere with the activity of DAI once it 
has been activated by dsRNA at a lower concentration. The 
kinase also displays a stringent requirement for dsRNA 
chain length. Activation is reported to require a minimum of 
about 50 bp of duplex (18, 22, 32, 44), and there are 
indications that shorter duplexes may block activation at 
high concentration (44), as long dsRNA does. The ability of 
the enzyme to discriminate between dsRNA molecules on 
the basis of their chain length has implications for its 
regulation and the mechanism of DAI activation (37). Here 
we investigate the interactions of the enzyme with dsRNA 
molecules of specified sizes, studying binding and protection 
of dsRNA as well as activation and inhibition of the kinase. 
Our results define the dsRNA size dependence of the inter- 
action and confirm that short duplexes which fail to bind 
stably and to activate the kinase can stiU interfere with 
activation mediated by longer duplexes. The data suggest 
that the minimal recognition element is a single helical turn 
but that there is an extended site for dsRNA binding which 
needs to be completely occupied for full enzyme activation. 



MATERIALS AND METHODS 

Synthesis of short dsRNAs. The plasmid pBSII KS+ (Strat- 
agene. Inc., La JoUa, Calif.) was banded twice in (3sCI, 
passed over a Bio-Gel A 15-m colunm, and then digested 
with one of eight enzymes {fQ?nly Haelll, Xhol, 5a/I, 
Hindlll, EcoRl, BamlUy or Eagl), which cut in the poly- 
hnker, or with Pvull^ which cuts outside the region contain- 
ing the polyiinker and the T3 and T7 promoters (Fig. lA). 
The DNA was incubated with RNase A to remove the last 
traces of RNA, treated with proteinase K, and extracted 
with phenol and chloroform. After ethanol precipitation, the 
DNA was added to transcription reactions containing T7 
RNA polymerase (17) for the PvuII-digested template or T3 
RNA polymerase (Stratagene, Inc.) for the other templates. 
Reaction conditions were as described previously (43), ex- 
cept that the concentration of GTP or CTP was reduced to 12 
for labeling. The corresponding [a-^^P]ribonucleotide 
(from ICN Biomedicals inc., Costa Mesa, Calif.) was 
present at a concentration of 500 p.Ci/mI. Single-stranded 
RNA was recovered after DNasel digestion and phenol and 
chloroform extraction by ethanol precipitation. Each of the 
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T3 products (IS to 104 nucleotides [nt]) was mixed with an 
approximately equivalent amount of the complementary T7 
product (354 nt)» heated to 100°C, and annealed as previ- 
ously described (29). Following digestion with both RNase 
Ti and RNase A, dsRNA was isolated by treatment with 
proteinase K and deproteinization and then fractionated by 
electrophoresis in a nondenaturing 10% polyacrylamide- 
0.5 X Tris-borate-EDTA(TBE) gel. The bands were detected 
autoradiographically^ and each dsRNA was eluted into 10 
mM Tris-1 mM EDTA -10 mM NaCl'0.5% sodium dodecyl 
sulfate (SDS), deproteinized, and ethanol precipitated. The 
dsRNA was dissolved in the same buffer without SDS, and 
its concentration was calculated from the specific activity. 

Other RNAs. Longer dsRNAs (354 bp) were S3aithesized 
by transcription of the pGEM.GC plasmid (42). Reovirus 
dsRNA was provided by A. J. Shatldn (Rutgers University, 
New Brunswick, N.J.), and Peniciliium chrysogenum and 
bacteriophage f2 sus3 dsRNAs were provided by H. D. 
Robertson (Cornell University Medical School, Ithaca, 
N.Y.). Labeled single-stranded RNA was purified from the 
T7 and T3 polymerase transcription reactions described 
above by electrophoresis through a 10% polyacrylamide-7 
M urea-^.5x TEE gel. 

Kinase assays. Reactions (10 m.1) containing 2.5 p.Ci of 
[7-32p]ATP (ICN Biomedicals, Inc.) and 0.5 jjlI of DAI 
(about 5 ng) purified to the Mono S stage (29) were con- 
ducted essentially as described by Mellits et al. (42). The 
enzyme was added last to the other reaction components 
assembled on ice. Phosphorylation was visualized by SDS- 
polyacrylamide gel electrophoresis and autoradiography for 
4 to 16 h by using an intensiiier screen. 

Nitrocellulose filter-binding assay. The nitrocellulose filter- 
binding assay was conducted by using a modification of the 
published procedure of Kostura and Mathews (29). Briefly, 
labeled dsRNA was incubated for 20 min on ice with the 
Mono S fraction of DAI under kinase reaction conditions, 
with bovine serum albumin (BSA) and calf liver tRNA both 
added to a concentration of 0.1 mg/ml but with labeled ATP 
omitted. After dilution with 10 volumes of wash buffer (50 
mM KCl, 1.5 mM MgCls, 20 mM iV-2-hydro?Qrethylpipera- 
zineW-2-ethanesulfonic acid (HEPES) [pH 7.4], 0.1 
mM EDTA), the reaction mixtures were inrunediately filtered 
in a slot-blot apparatus through a 0.45-p,m-pore-size nitro- 
cellulose membrane (Schleicher & Schuell, Keene, N.H.) 
that had been soaked for 1 h at room temperature in wash 
buffer containing 0.1 mg each of BSA and salmon sperm 
DNA per ml. Each well was washed with 200 ^\ of ice-cold 
wash buffer, and the filter was dried and exposed to autora- 
diography. Quantitation was done by scintillation counting 
of individual bands or direct scanning of the membrane with 
the AMBIS Imaging System. 

Binding of dsRNA to Sepharose-bound DAI. A mixture of 
dsRNAs was partially degraded by incubation with RNase 
Tj and RNaselll (provided by H. D. Robertson) and then 
incubated with DAI immobilized on monoclonal antibody- 
Sepharose beads (13, 31) (from A. Hovanessian, Institut 
Pasteur, Paris, France) as described previously (40). The 
beads were sedimented and washed five times by resuspen- 
sion and sedimentation. Of the input radioactivity, approxi- 
mately 15% was recovered with the beads, 80% was recov- 
ered in the initial supernatant plus first wash fraction and 5% 
was recovered in subsequent washes. RNA was extracted 
from the beads and from the initial supernatant plus the first 
wash fraction and was analyzed by electrophoresis in a 
nondenaturing 10% polyacrylamide-0.5x TBE gel. 

Protection of dsRNA 1^ DAI. Radiolabeled dsRNA (354 



bp) was bound to inmiobilized DAI as described above. 
After the third wash, the beads were washed twice with 
RNaselll buffer (100 mM NH4CI, 10 mM magnesium ace- 
tate, 20 mM Tris-HCl [pH 7.6]) and then incubated with 50 U 
of RNaselll per ml for 30 min at 3T*C. An equal amount of 
fresh RNaselll was added, and the incubation continued for 
a further 30 min. RNA was isolated from the beads and from 
the supernatant fractions and analyzed as described above. 

Gel retardation assay. Binding reactions (10 ^,1) were 
similar to those for kinase assays, except that ATP was 
omitted and tRNA and BSA were present at 0.1 and 1 mg/ml, 
respectively. The concentration of labeled dsRNA was 55 
ng/ml, and the concentration of DAI (Mono S fraction), 
immunoaffinity chromatography-purified DAI (14), or p20 
(55) was varied. After incubation for 20 min on ice, a 
dye-glycerol solution was added and the samples were 
loaded directly onto a 5% polyaciylamide gel (acrylamide: 
bioacrylamide, 82:1). The gel was cast in 40 mM Tris-glycine 
buffer and had been prerun for 1 h at 150 V. Radioactivity 
was detected by autoradiography for approximately 16 h. 

RESULTS 

Characteristics of synthetic dsRNA. Duplexed RNAs of 
defined sizes were made by annealing a 358-nt transcript 
synthesized by T7 RNA poljmierase with complementary 
transcripts of various lengths synthesized by T3 RNA poly- 
merase (Fig. lA). After digestion of the RNA tails and 
residual single-stranded RNA, the dsRNAs were purified by 
electrophoresis in nondenaturing polyaciylamide gels. When 
analyzed in denaturing conditions (Fig. IB), the individual 
strands of the dsRNA molecules were slightly heteroge- 
neous, with chain lengths a few nucleotides longer or shorter 
than the input single strands as a result of the trimming 
process. When examined in a nondenaturing gel, however, 
the dsRNAs migrated as discrete bands, with mobilities 
similar to those of dsDNA markers (see Fig. 5A, lanes 3 to 
9). As expected, the duplexes were sensitive to digestion 
with RNaselll, a dsRNA-specific enzyme, but resistant to 
digestion by single-stranded specific nucleases except after 
denaturation (data not shown). 

Activation and inhibition of DAI. Activation of DAI is 
accompanied by its autophosphoiylation, converting the 
enzyme from a latent state to a form which can pbosphoiy- 
late eIF-2a. When the synthetic duplexes were examined for 
their ability to catalyze autophosphorylation, we found that 
23- and 34-bp dsRNAs were only slightly active, 40-bp 
dsRNA was partly active, and full activity was approached 
with 55- to 85-bp dsRNAs, which were nearly as active as 
the very long dsRNA (average size of > 2,000 bp) isolated 
from reovirus virions (Fig. 2A). These results, obtained with 
essentially fiush-ended dsRNA, agree closely with previ- 
ously reported data obtained by using RNA molecules in 
which one strand was considerably longer than the other 
(44): in the earlier study, duplexes shorter than 30 bp were 
unable to activate DAI, and fiill activation was obtained with 
duplexes longer than 65 to 80 bp. The activation of DAI can 
also be monitored by phosphorylation of eIF-2, the natural 
substrate of this kinase. In this assay, 15-bp dsRNA was 
essentially inactive, 34-bp dsRNA was partially active, and 
55-bp (or longer) dsRNA was fully active (Fig. 2B). Thus, 
the slight autophosphoiylation of DAI that is catalyzed by 
the 34-bp duplex is sufficient to permit DAI to phosphorylate 
its natural substrate weakly. These results are consistent 
with the findings that the very short (<20 bp) imperfect 
duplexes found in viral RNAs such as VA RNA (28, 38, 41, 
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FIG. 2. Activation of DAI by short duplexes. (A) Autophospbo- 
rylation of DAI as a function of dsRNA concentration and chain 
length. Kinase assay reaction niixtures containing synthetic or 
reovirus dsRNA at the concentrations indicated were analyzed by 
electrophoresis in SDS-polyacrylamide gels and autoradiography. 
(B) Phosphorylation of eIF-2. Kinase assay reaction mixtures con- 
taining 33 ng of the synthetic dsRNAs indicated per m\ or 40 ng of 
reovirus dsRNA per ml were supplemented with eIF-2 and were 
analyzed as described in part A. The positions of autophosphory- 
lated DAI and the phosphoryiated a subunit of eIF-2 are marked. 



42, 48), EBER (4, 7) and TAR RNA (18) are insufficient to 
cause DAI activation. 

From experiments with tailed duplexes, it was concluded 
that short dsRNAs which are incapable of activating DAI 
may nevertheless block the activation of DAI by longer 
dsRNAs (44). Figure 3A shows that at high concentration a 
flush-ended 23-bp dsRNA inhibited the activation of DAI by 
reovirus dsRNA. In this respect, short dsRNA resembles 
longer dsRNA molecules which block DAI activation at high 
concentrations, although the mechanisms might be different. 
Figure 3B demonstrates that long dsRNA (approximately 
3,000 bp) isolated from P. chrysogenum activates DAI at 
concentrations of up to 1 p.g/ml and prevents activation at 10 
M.g/ml, as expected from the bell-shaped activation curve. 



34 bp 



40bp 




FIG. 3. Inhibition of DAI activation by high concentrations of 
dsRNA. (A) Inhibition of DAI autophosphorylation by 23-bp 
dsRNA. Kinase assay reaction mixtures contained 20 ng of reovirus 
dsRNA per ml and the indicated concentrations of the 23-bp 
dsRNA. (B) Effect of duplexes of various lengths on DAI autophos- 
phorylation in the presence and absence of an activator dsRNA. 
Kinase assay reaction mixtures containing or lacking reovirus 
dsRNA (40 ng/ml) were supplemented with synthetic 34- or 40-bp 
dsRNAs or with P. chrysogenum dsRNA (P.C.) at the concentra- 
tions indicated. Autophosphorylation of DAI was assessed as de- 
scribed for Fig. 2. 



Short duplexes, such as the 34-bp dsRNA (Fig. 3B), activate 
DAI only weakly and also become inhibitory at approxi- 
mately 10 p-g/ml. Similar results were obtained with bacte- 
riophage f2 sus3 dsRNA (approximately 30 to 50 bp long 
[22]) and the 23-bp synthetic duplexes (data not shown), 
while the 40-bp dsRNA gave a response intermediate be- 
tween that of the longer and shorter duplexes because of its 
significant ability to activate DAI (Fig. 3B). Single-stranded 
RNA is not inhibitory (data not shown). These results 
confirm that the enzyme is activated by relatively long 
dsRNA and can interact with short duplexes in a nonpro- 
ductive way. 

RNA size dependence of DAI binding. The existence of 
opposing effects of dsRNA on DAI activity makes it impor- 
tant to address directly the binding of this ligand to the 
protein. We examined the interactions between DAI and 
dsRNA, using three assays which explore different aspects 
of the process: nitrocellulose filter binding, binding to an 
affinity matrix, and gel retardation. Figure 4A and B illus- 
trates the binciing of single-stranded RNA and dsRNA as a 
function of chain length in the filtration assay. Duplexes with 
sizes of 15 and 23 bp did not bind detectably, whereas 34- 
and 40-bp duplexes bound weakly. Longer molecules bound 
with increasing efficiency, and 85- or 104-bp dsRNA bound 
as efficiently as 354-bp molecules. Single-stranded molecules 
bound only very weakly, except for the 354-nt molecule, 
which may be able to form a small amount of secondary 
structure. The binding of dsRNAs to DAI was also measured 
as a function of ligand concentration (Fig. 4C and D). The 
efficiency with which short duplexes bound to DAI did not 
improve at subsaturating RNA concentrations, suggesting 
that the affinity of the enzyme is low for molecules with sizes 
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FIG. 4. Size dependence of dsRNA binding to DAI. (A and B) Nitrocellulose filter-binding assay for the binding of single-stranded RNA 
and dsRNAs. Autoradiograms of the membrane are shown (top panel). Quantitation of RNA binding (bottom panel) was obtained by 
scintillation counting or scanning of the individual filter bands and subtraction of the background value (lanes labeled -DAI) from the signal 
radioactivity (lanes labeled +DAI). #, dsRNA (ds); O, single-stranded RNA (ss). (C and D) Concentration and size dependence of 
dsRNA-binding efficiency. The percentage of the input dsRNA that was retained on the filter in the presence of DAI was quantified at various 
dsRNA concentrations of 1,000 (■)» 330 (▲), 100 (A), 33 (□)» 10 (O), and 3.3 (•) ng/ml, respectively. 



of 40 bp or less and that the affinity increases uniformly as 
the chain length is increased, reaching a maximum at 85 bp. 
These data agree closely with the dependence of activation 
and inhibition on dsRNA chain length (Figs. 2 and 3) and are 
consistent with a model which equates activation with stable 
dsRNA binding. Duplexes shorter than 30 to 40 bp bind 
weakly and cannot activate although they inhibit activation; 
longer duplexes (40 to 85 bp) bind with increasing stability 
and their ability to activate the enzyme increases concomi- 
tantly; beyond this length, the efficiency of binding and 
activation remains unchanged. 
Binding and protection of dsRNA. One interpretation of 



these observations is that the dsRNA binding site in DAI 
accommodates up to --85 bp of duplex but can bind shorter 
duplexes less stably, down to --30 bp. To test this interpre- 
tation we employed DAI immobilized on antibody-Sepha- 
rose beads. First, to define the minimum size of dsRNA that 
can bind to the enzyme, a mixture of dsRNA molecules was 
partially digested with RNaselll to generate a collection of 
duplex molecules with a broad size distribution. This collec- 
tion was allowed to bind to the immobilized DAI, and the 
beads were washed to remove nonspeciflcally adsorbed 
dsRNA. Figure 5A displays the DAI-bound dsRNA (lane 1) 
and the unbound RNA that remained in the supernatant (lane 
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FIG. 5. Binding and protection of dsRNA fragments by DAI. (A) 
Binding of randomly sized dsRNA fragments. A mixture of frag- 
ments (approximately 10 to 350 bp) was incubated with DAI 
attached to Sepharose beads. Unbound RNA was separated from 
the beads by centrifugation and washing. Equal fractions of the 
DAI-bound (lane 1) and unbound (lane 2) dsRNA were resolved in a 
nondenaturing polyacrylamide gel and detected by autoradiography. 
Markers included discrete dsRNA fragments with sizes of 34 to 104 
bp (lanes 3 to H), denoted by the restriction site designation used in 
their synthesis (Fig. lA), and 354 bp (lane 9), denoted GC for the 
plasmid used in its synthesis (pGEM.GC). (B) Protection of DAI- 
bound dsRNA from digestion by RNaselll. Discrete 354-bp dsRNA 
(lane 1) was bound to DAI attached to Sepharose beads, and 
unbound RNA was removed. The beads were exhaustively incu- 
bated with RNasein, and the released RNA fragments were col- 
lected. Equal fractions of the released RNA (lane 3) and the RNA 
that remained associated with the beads (lane 2) were resolved as 
described for panel A. 



2). Comparison with dsRNA markers (lanes 3 to 9) and with 
an RNA sequence ladder (data not shown), indicated that the 
cutoff for binding was at approximately 28 bp, in good 
agreement with results obtained in the nitrocellulose filter- 
binding assay. Moreover, visual inspection of the autoradio- 
gram suggested that dsRNA with a size of 28 to 40 bp bound 
less efficiently than longer duplexes. 

Next, we conducted a protection experiment to determine 
the length of dsRNA that is shielded by DAI from nuclease 
attack. Intact 354-bp dsRNA was bound to DAI immobilized 
on antibody-Sepharose beads, and the excess unbound 
dsRNA was removed. The bound dsRNA was digested by 
incubating the beads with RNaselll to trim off regions of 
duplex that were not protected by DAI. Figure 5B, lane 3, 
shows that the released dsRNA had been reduced to frag- 
ments of approximately 10 to 20 bp as expected (57), 
whereas the bulk of the DAI-associated material (lane 2) 
ranged in size from approximately 60 to 120 bp, with a 
substantial concentration in the longer-size class (approxi- 
mately 100 to 120 bp). Assuming that RNaselll leaves 15 bp 
of dsRNA protruding on each side, we deduce that DAI 
associates with 30 to 90 bp of dsRNA. Taking 110 bp as the 
modal length of the protected fragments, it appears that 
about 80 bp of duplex interact directly with the enzyme, 
roughly the length of dsRNA that gives maximal binding in 
the nitrocellulose filter assay. The length of the protected 
fragment was not altered at relatively high concentrations of 
dsRNA (up to 1 p.g/ml; data not shown), conditions which 
would be expected to disfavor oligomerization of DAI on the 
dsRNA. These findings support the view that the dsRNA site 
extends for —80 bp and that shorter molecules bind with 
lesser affinity, provided that they are at least 28 bp long. 

DAI-dsRNA complexes. To characterize the interactions 
more directly, we examined complexes formed between DAI 
and dsRNAs in a gel retardation assay (Fig. 6A). No 
complexes were observed with 15- or 23-bp duplexes (data 
not shown), but longer dsRNAs formed complexes with 
increasing efficiency. Four series of complexes were distin- 
guishable (bands I to IV). Their relative abundance was 
principally a function of RNA chain length, with a lesser 
dependence on DAI concentration. On the basis of their 
behavior, the complexes seem to fall into two families. One 
family, containing the more slowly moving bands I and II, 
forms preferentially with duplexes of less than optimal 
length (34 to 67 bp) in binding and activation assays. The 
second family, containing the faster moving bands III and 
rv, forms preferentially with longer duplexes (>85 bp), 
which are fully active in binding and activating DAI. 

Band I was the most prominent complex with 55- and 
67-bp duplexes but was barely detectable with longer or 
shorter duplexes. It was formed at low DAI concentrations 
and seemed to be converted to band II at elevated DAI 
concentrations. Indeed, regardless of chain length, complex 
II was seen only at hig^ DAI concentrations. With 34- and 
40-bp duplexes, the only detectable complexes appeared to 
migrate in band II. Formation of complex II increased as the 
chain length was extended, reaching maximal levels with the 
67-bp duplex and declining as the chain length was extended 
further, to 85 and 104 bp. 

The most abundant complexes, formed with 85- and 
104-bp duplexes, migrated in band III. This band was also 
visible with 67-bp and perhaps 55 -bp dsRNAs. As chain 
length increased, complex III was formed at progressively 
lower concentrations of DAI. It also seemed to decrease 
slightly at high DAI concentrations. Band IV displayed a 
pattern similar to that of band III but was always less 
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FIG. 6. Gel-shift analysis with DAI, (A) Dependence on dsRNA size and DAI concentration. dsRNAs with sizes of 34 to 104 bp were 
incubated with various amounts of DAI (0, 0.05, 0.1, 0.25, 0.5, and 1.0 ^,1 from left to right, symbolized by the wedges) purified to the Mono 
S stage. The resultant complexes were separated by electrophoresis in nondenaturing conditions and detected by autoradiography. The 
positions of complexes I (•), II ( — ), III (<), and IV {<) and of the free dsRNA fragments are marked in each panel. (B) Shifts with essentially 
homogeneous DAI and antibody supersbift. dsRNA with a size of 67 bp (lanes 1 and 2), 85 bp (lanes 3 and 4), or 104 bp (lanes 5 and 6) was 
incubated with 1 ^1 of DAI purified by immunoaffinity chromatography in the presence (lanes 1, 3, and 5) or absence (lanes 2, 4, and 6) of 
1 ^,1 of monoclonal antibody to DAI. (C) Competition assays. Standard reaction mixtures (lanes 9 and 14) contained DAI (Mono S fraction) 
and 100 jtg of tRNA per ml; P. chrysogenum dsRNA (0.25, 0.5, 0.75, and 1 jig/ml; lanes 1 to 4 and 5 to 8) or additional calf liver tRNA (100, 
200, 300 and 400 ptg/ml; lanes 10 to 13 and 15 to 18) was added as indicated. ^^P-labeled dsRNA (67 bp [lanes 1 to 4 and 9 to 13) or 104 bp 
[lanes 5 to 8 and 14 to 18]) was present at 55 ng/ml. The wedges symbolize increasing concentrations from left to right; — indicates absence 
of the RNA. 



abundant. Both of these bands correlate well with full 
enzyme activity. 

Very similar patterns of bands were formed with an 
essentially homogeneous preparation of DAI purified by 
immunoaffinity chromatography (Fig. 6B), and the gel-shift 
activity cosedimented with kinase activity through a glycerol 
gradient (29) (data not shown). Furthermore, as seen in Fig. 
6B, all of the complexes were "supershifted" to forms with 
slower mobility by addition of monoclonal antibody directed 
against DAI. The antibody did not produce a gel shift on its 
own (i.e., in the absence of DAI), but it appeared to stabilize 
DAI-dsRNA complexes so that less probe remained in free 



form. These experiments verified that bands I to IV all 
contain DAI. Competition experiments demonstrated that 
the most prominent complexes, band I with 67-bp dsRNA 
and band III with 104-bp dsRNA, were resistant to the 
presence of excess tRNA but were sensitive to unlabeled P. 
chrysogenum dsRNA competitor (Fig. 6C). The complexes 
formed with the 104-bp dsRNA were more resistant to 
competition than those formed with 67-bp dsRNA, as ex- 
pected from the higher affinity of DAI for longer duplexes 
(Fig. 4). For some of the minor bands (e.g., band IV), 
competition was more effective with tRNA at very high 
concentrations than with dsRNA at moderate concentrations 
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FIG. 7. Gel shift analysis with the p20 polypeptide. (A) Dependence on dsRNA size. Reaction mixtures contained dsRNA of 40, 67, or 
85 bp as indicated and 0, 0.032, 0.063, 0.125, 0.25, 0.5, 2.5, 5, or 10 ^.g/ml of p20 (increasing from left to right as symbolized by the wedges). 
The number of p20 units in each band is indicated on the right. (B) Dependence on dsRNA and p20 concentration. Assay mixtures contained 
85-bp dsRNA at a concentration of 55, 110, or 220 M-g/ml and p20 at a concentration of 0, 63, 125, 250, or 500 ng/ml. Concentrations increase 
from left to right. The relative concentrations of these two components are indicated above the autoradiogram, and the number of p20 units 
in each band is marked on the side. 



for reasons that are presently unclear. Neither single- 
stranded DNA nor dsDNA was an effective competitor (data 
not shown). These results demonstrate that the most prom- 
inent complexes are dsRNA and DAI specific and that there 
is a rather abrupt change in electrophoretic mobility when 
the dsRNA reaches the size for optimal binding and activa- 
tion (approximately 80 bp). 

Minimal binding site. The ability of short duplexes (<30 
bp) to inhibit DAI activation implies that they interact with 
the enzyme, even though their binding is not sufficiently 
stable to be detected by the assays used to this point. To 
determine the minimal length of duplex that can interact with 
DAI» we employed the close-packing method for estimating 
the number of protein molecules that can bind to duplexes 
with known sizes. For this purpose, we used a truncated 
version of DAI, p20, comprising the N-terminal 184 amino 
acids which we and others have determined to contain the 
RNA-binding domain of the protein (16, 25, 39, 50). The 
numbers of p20 molecules binding to a given dsRNA were 
estimated from gel-shift assays conducted at increasing 
concentrations of the protein. As seen in Fig, 7A, a series of 
complexes was formed, reaching a maximum at the highest 
protein levels. The number of complexes increased with 
increasing dsRNA chain length as follows: 40 bp, three 
bands; 67 bp, six bands; 85 bp, seven bands. Assuming that 
each shifted band corresponds to the binding of a p20 
molecule, these data imply that the minimum binding site is 
about 11 bp, equivalent to a single turn of A-form RNA 
helbc. 

The appearance of a ladder of bands with p20 suggested 
that there may be differences between the binding of this 
fragment and intact DAI to dsRNA. Further experiments 
showed that the formation of the p20 complexes is specific in 
that tRNA does not compete (data not shown). To rule out 
the possibility that the p20 banding patterns are due to a 
concentration-dependent protein oligomerization that is in- 



dependent of dsRNA, we conducted band-shift assays at 
increasing dsRNA concentrations. Figure 7B shows that 
more p20 protein is required to achieve a given gel shift at 
higher concentrations of dsRNA (compare, for example, the 
amount of p20 needed to complex all of the dsRNA in the 
reactions). This indicates that oligomerization depends on 
the presence of dsRNA and is due to the formation of a 
series of protein-RNA complexes rather than to preformed 
protein-protein aggregates. The banding pattern was also 
influenced by the absolute concentration of p20 and dsRNA, 
however, as can be seen by comparing lanes with equal 
ratios of dsRNA to p20 (such as 1/1, 2/2, and 4/4). The shift 
to larger complexes at higher concentrations could merely 
reflect the concentration dependence of the reaction accord- 
ing to the law of mass action, or it could imply that p20 
complexes are stabilized by protein-protein interactions 
when p20 monomers are bound adjacently on dsRNA. In the 
latter case, stabilizing protein-protein interactions would 
provide an explanation for the apparent paradox that DAI 
binds efficiently only to duplexes of longer than 30 bp but can 
bind to as little as a single helical turn of dsRNA. 

DISCUSSION 

Although the existence of DAI has been known for many 
years and its activation by a variety of polynucleotides has 
been studied intensively, an understanding of the enzyme's 
regulation has remained elusive. The kinase is activated by 
autophosphorylation in the presence of dsRNA. This re- 
sponse exhibits a number of unusual features: first, activa- 
tion is prevented by high concentrations of dsRNAiS which 
activate the kinase at low concentrations; second, short 
RNA duplexes fail to activate DAI at any concentration but 
prevent activation at elevated concentrations; third, highly 
structured single-stranded RNAs of viral origin also fail to 
activate DAI but can block activation by authentic, long 
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dsRNA. To illuminate the interactions between dsRNA and 
DAI, we generated a series of short RNA duplexes and 
studied directly their binding to the enzyme as well as their 
effects on its activity. The results correlate activation with 
the formation of stable complexes with a characteristic 
electrophoretic mobility and suggest a model that is compat- 
ible with the emerging understanding of DAI structure. 

Our results are most consistent with the view that DAI 
possesses a single effective site for dsRNA, capable of 
accommodating approximately 80 bp of duplex. Two obser- 
vations support this conclusion most strongly. First, as the 
length of the dsRNA ligand is increased, maximal binding is 
attained at this size and longer molecules bind no more 
efficiently, and second, the kinase protects this length of 
duplex from digestion by nuclease. Shorter duplexes, down 
to a lower limit of approximately 30 bp, bind with steadily 
decreasing efficient while duplexes with lengths of less than 
30 bp are unable to form a stable complex with DAI under 
normal conditions. Nonetheless, since such very short du- 
plexes block the activation of DAI, we assume that at high 
concentrations they form transient interactions which pre- 
vent DAI activation. Likewise, other polynucleotides, such 
as RNA-DNA hybrids and partially methylated dsRNA 
duplexes that fail to activate the kinase, as well as long 
dsRNAs that can activate DAI, share this property of 
inhibiting kinase activation at high concentrations. The 
nature of these inhibitory interactions is unclear, and it 
remains to be seen whether viral effectors such as VA RNA, 
EBER, and TAR RNA function in the same way as short 
duplexes or whether they interact in a distinct fashion to 
block DAI activation. Preliminary data indicate that the sites 
for VA RNA and dsRNA are overlapping but perhaps not 
congruent (16). 

How do these functional observations relate to the struc- 
ture of the enzyme? DAI possesses two RNA-binding ele- 
ments in its N-terminal domain (12, 16, 25, 39, 50). Each 
element contains an RNA-binding motif which is rich in 
basic amino acids and is predicted to form an a-helical 
structure (16, 39). Both elements are required for efficient 
binding of RNA, and they appear to cooperate to form a 
single bivalent site which optimally extends over approxi- 
mately 80 bp of duplex. Since the RNA binding domain of 
DAI, expressed as the p20 protein, is able to interact with as 
little as 11 bp of dsRNA, we speculate that each element 
interacts with a single helical turn and that optimal binding 
occurs when these two turns are separated by about five 
intervening helical turns. In this complex, the entire span of 
approximately 80 bp is protected by DAI against attack by 
the dsRNA-specific nuclease RNaselll. With this model, 
interactions with shorter dsRNA molecules entail increasing 
strain on the enzyme, accompanied by decreasing affinity, 
such that it becomes impossible for both elements to bind 
when there is less than one intervening helical turn (at 
approximately 33 bp). Evidently, monovalent complexes can 
also be formed at high ratios of enzyme to RNA as in the p20 
gel-shift experiments: these complexes presumably involve 
only the stronger RNA binding region (region 1 [16]) and 
allow the protein to pack onto the RNA to a density of one 
molecule per helical turn. 

According to this model, activation of the enzyme requires 
bivalent dsRNA binding which becomes detectable at ap- 
proximately 30 bp and is most stable when the duplex is at 
least 80 bp long. Correlating with the formation of the most 
stable complexes is a shift in their mobility in the gel 
retardation assay. The predominant complex formed with 
dsRNA with a length of ^85 bp is band III, which moves 



faster than the predominant complex formed with shorter 
dsRNA (band I). We considered the possibility that longer 
duplexes might be able to bind more DAI molecules than 
shorter duplexes, but because DAI is a basic protein (pi 8.6), 
it is unlikely that the acceleration in gel mobility that occurs 
between 67 and 85 bp with the shift from complex I to 
complex III is due to the binding of a second DAI molecule 
to a DAI-dsRNA complex. Therefore, we argue that the 
faster migration is probably due to a conformational change 
in the dsRNA or the DAI-dsRNA complex which leads to 
compaction and increased electrophoretic mobility. Com- 
paction could result from relief of the distortion in DAI that 
occurs when the two binding elements can interact with 
optimally spaced sites on dsRNA. Alternatively, it could be 
accomplished if the RNA were bent or wrapped around the 
enzyme once it had tilled the entire site. If this explanation is 
correct, it seems that the duplex must be continuous since an 
elevated concentration of 40-bp molecules does not have the 
same effect on binding or activation as an 80-bp duplex. The 
minor complexes, II and IV, seem to be related to complexes 
I and III, respectively, but display increased sensitivity to 
competition with tRNA. They are unlikely to represent the 
addition of a second molecule of DAI to a DAI-dsRNA 
complex because of the large retardation effect that this 
would be expected to have on electrophoretic mobility and 
there are few clues as to their structure or significance at 
present. 

The proposal that DAI contains a single bipartite RNA- 
binding site provides an alternative to the two previous 
models for DAI activation, neither of which is readily 
compatible with the results presented here. The gel-shift 
data could be interpreted in terms of the model in which DAI 
possesses two distinct sites for dsRNA binding (15, 37), a 
high-affinity site for activation and a low-affinity inhibitory 
site, if it were supposed that duplexes with sizes of <67 bp 
bind at the inhibitory site whereas longer duplexes bind at 
the activating site. The resultant complexes could have 
significantly different mobilities. However, the apparent 
affinities for these duplexes are not greatly different in the 
binding assays shown here, so the postulate that the activa- 
tion site is of much higher affinity than the inhibitory site is 
not satisfied. Moreover, 40- to 67-bp duplexes have signifi- 
cant ability to activate the enzyme. The data could also be 
interpreted in terms of the model that DAI is activated when 
two molecules bind to a single molecule of dsRNA (37, 49). 
On this basis, 80 bp would be the length of duplex required 
to span the RNA-binding sites of two DAI monomers. Each 
monomer would interact with 30 to 40 bp of dsRNA, and the 
complex would be stabilized by cooperative interactions 
between the protein molecules. The monotonous increase in 
binding efficiency with a chain length between 30 and 85 bp 
argues against this model, as does our failure to obtain 
protection of shorter RNA fragments at high ratios of DAI to 
dsRNA. Also, with this model, it is difficult to explain the 
multiplicity of complexes observed in band-shift experi- 
ments: in particular, longer duplexes or higher DAI concen- 
trations would be expected to give rise to slower complexes, 
contrary to observations. 

In summary, the data presented here suggest that DAI 
interacts with as little as 11 bp (one helical turn) of dsRNA, 
but activation is associated with the formation of a stable 
DAI-dsRNA complex. The formation of such a complex 
requires at least 30 bp of duplex (about three turns) and 
probably takes place when both of the enzyme's RNA- 
binding motifs are engaged with the ligand. Complex forma- 
tion is optimal with dsRNA containing at least 80 bp (seven 
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to eight turns) and is apparently accompanied by a confor< 
mational change in the complex. We speculate that the 
bivalent interaction with dsRNA or the conformational 
change itself is critical for enzyme autophosphoiylation and 
activation. With this model, short dsRNAs would be ex- 
pected to block activation because they can interact with 
only one RNA-binding motif. Specific inhibitors of DAI 
activation, such as VA RNA^ may also bind to one motif, or 
alternatively they may bind to both motifs but in such a way 
as to interfere with Uie conformation of the enzyme. Simi- 
larly, long dsRNAs that activate the enzyme at low concen- 
trations might block activation at high concentrations be- 
cause the two binding motifs form complexes with separate 
RNA duplexes, therd>y precluding the requisite conforma- 
tional change. While this is a satisfying explanation, there 
are alternatives which also fit the available facts. For exam- 
ple, since autophosphoiylation appears to be intcrmolecular 
(29, 37), it is also possible that DAI serves as a phosphate 
acceptor only when it is not bound to dsRNA, a situation 
which would obtain at low or moderate concentrations of 
dsRNA. Consistent with this view, a truncated form of DAI 
that lacks the RNA binding site can still be phosphoiylated 
by intact DAI (unpublished data). It is clear that further 
investigation will be required to establish the nature of the 
coupling between dsRNA binding and kinase activation: 
such studies are in progress. 
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Addition of double-stranded RNA (dsRNA) to ex- 
tracts of interferon-treated HeLa cells results in the 
synthesis of 2',5'-oligo(A) from ATP and in the phos- 
phorylation of a ribosome-associated protein of Mr = 
72,000. Previously described assays were used to inves- 
tigate the structural requirements of dsRNA for the 
activation of these two enzymatic activities. Poly(CG) 
with different ratios of C/G was synthesized with pol- 
ynucleotide phosphorylase. These polynucleotides 
were either annealed with poly(I) to form mismatched 
dsRNA or digested with ribonuclease T| to produce 
smaller polynucleotides. Polymers with an average of 
one mismatch every eight nucleotides failed to activate 
the 2^5'-oligo(A) polymerase and protein kinase, 
whereas polymers with a mismatch every 45 nucleo- 
tides were fully active. The polynucleotides obtained 
by Ti digestion of poly(CG) were fractionated by gel 
filtration into discrete size polymers. These sized poly- 
nucleotides were annealed with high molecular weight 
poly(I) and assayed for activation of 2%5'-oligo(A) po- 
lymerase and protein kinase. These enzymes could not 
be activated by dsRNA containing poly(C) shorter than 
30 nucleotides. Maximal activation was obtained with 
dsRNA containing poly(C) longer than 65 to 80 nucleo- 
tides. A similar size requirement for activation was 
observed with dsRNA formed with poly(A) and poly(U) 
of known length. These results indicate that a relatively 
long stretch of base pairs, uninterrupted by either a 
mismatch or a discontinuity in one of the complemen- 
tary strands, is required for the activation of the two 
enzymes studied. These structural characteristics are 
similar to those previously shown to be required for 
the induction of interferon by dsRNA. 



Natural and synthetic dsRNAs* are among the most potent 
interferon inducers (1). Furthermore, dsRNA is also a potent 
inhibitor of protein synthesis in extracts of interferon-treated 
cells (2). This inhibition is due to elevated levels of a protein 

kinase and an oligonucleotide polymerase which require 
dsRNA, ATP, and Mg^"^ for activity (see Ref. 3). Activation of 
the protein kinase by dsRNA results in the phosphorylation 
of a polypeptide of about Mr = 70,000 and of the a subunit of 
initiation factor eIF-2 (3, 4). The oligonucleotide polymerase, 
designated 2',5'-oligo(A) polymerase (3), synthesizes from 

* This work was supported by Grants AM 1887 and HL- 17710 from 
the National Institutes of Health. The costs of publication of this 
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked advertisement" in accord- 
ance with 18 U.S-C. Section 1734 solely to indicate this fact. 

' The abbreviations used are: dsRNA, double-stranded RNA; 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid. 



ATP a series of oligonucleotides containing the unusual 2\5'- 
phosphodiester linkage (5). The 2',5'-oligo(A) is not itself 
inhibitory to protein synthesis, but activates an endonuclease 
present in both control and interferon-treated cells and inhi- 
bition of protein synthesis occurs via mRNA degradation (6, 
7). 

Relatively little is known about the Molecular features of 
dsRNA which are required for the activation of the protein 
kinase and 2',5'-ohgo(A) polymerase. RNA/DNA hybrids and 
the triple -stranded polymer poly(A)- poly (U)- poly (U) do not 
activate the latter enzyme (8). In contrast, there is vast 
literature on the molecular features of dsRNA which are 
relevant for the induction of interferon (1). For example, the 
presence of mismatched nucleotides in synthetic dsRNA 
causes a loss of activity (9) and the dsRNA must be longer 
than approximately 50 base pairs to induce interferon (10). 

We report here the results of an investigation of the effect 
of mismatched nucleotides and of polymer size on the activa- 
tion of 2',5'-oligo(A) polymerase and protein kinase by 
dsRNA. Interestingly, the structural features of dsRNA rele- 
vant for the activation of these enzymes are similar to those 
reported in the literature for the induction of interferon. 

EXPERIMENTAL PROCEDURES 

Chemicals — Radiochemicals were purchased from New England 
Nuclear; sized poly (A) and poly(U) from Miles; polynucleotide phos- 
phorylase from P-L Biochemicals; nuclease Ti from Sigma. 

Cells, Extracts, and Assays — HeLa cells grown in suspension 
culture were treated with 100 reference units/ml of human fibroblast 
interferon (3 X 10'' units/mg) for 17 h prior to harvest. Interferon was 
obtained from the Interferon Working Group, National Cancer Insti- 
tute, NIH. Extracts were prepared from these cells as previously 
described (8). Ribosomes were isolated by centrifugation and resus- 
pended as described (11). Protein kinase activity was determined in 
assays containing 0.1 mM [y- '^P]ATP (1.3 Ci/mol) and 30 to 40 fig of 
ribosomes in a final volume of 30 ^1. Incubation was at 30*^C for 7 min 
prior to fractionation by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (11). Autoradiographs of the gels were scanned at 560 
nm, and the area under the peak corresponding to a polypeptide of 
Mr = 72,000 was measured as previously described (12). Assays for 
the synthesis of 2',5'-oligo(A) contained unless otherwise indicated 5 
/il of cell extract (about 10 mg protein/ ml), 0.12 m KOAc, 25 mM 
Mg(0Ac)2, 20 mM Hepes/KOH, pH 7.4, 5 mM ['H]ATP (1.6 Ci/mol), 
4 mM fructose 1,6-bis-phosphate, 1 mM dithiothreitol, and the indi- 
cated amount of dsRNA in a final incubation volume of 25 /il. 
Incubation was at 3Q°C for 60 min and reactions were terminated by 
heating to 95°C for 3 min. The 2',5'-oligo(A) formed was determined 
by chromatography on DEAE-cellulose as previously described (8), 

Preparation of CG Copolymers, Sized Polynucleotides, and Dou- 
ble-stranded RNA — Ribonucleotide diphosphates were polymerized 
with Micrococcus lysodeikticus polynucleotide phosphorylase (2 mg/ 
nrJ) at 37**C for 2 h as described (9). Reactions contained CDP and 
[ 'H]GDP in molar ratios of 10:1 to 200:1. Polynucleotides were ex- 
tracted with phenol and dialyzed exhaustively (9). The C and 0 
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content of polynucieolides was calculated from the <4ati /counts per 
min ratio of dia]3^d material digested overnight with 0.3 N KOH by 
comparison of this ratio with that of the unpolymerized starting 
material. Sized polynucleotides were prepared from poly(CG) by 3-h 
digestion at 37^0 with 0.5 to 1 unit of ribonuviease Ti per Aiii unit. 
The digestion products were applied to columns of Sephadex G*20b, 
G-ldO, or G-50, depending on the expected size of the fragments 
generated. The size of the polynucleotides in the eluted fractions was 
estimated from the A2ti»/C0unis per min ratio. Correction was made 
for variation of extinction cQcfficienl with chain length by assuming 
a negligible contribution to absorbance by the G residue present in 
the polynucleotides and taking absorbance values for oligo(C) from 
Adler et al (13). Double-stranded KNA was formed by heating 
equimolar nucleotide amounts of complementary EN A species to 
70^C in a buffer containing 0.1 m KOAc and 20 mM Hepes/KOH. pH 
7.4, and cooling to 30*C. Poly (I) of Mr > 100,000 « 9.4) was 
used. 

RESULTS 

Effect of Base Mismatching on the Activation of 2,5'- 
OtigofA) Polymerase and Protein Kinase — Polyribonucleo- 
tides containing different ratios of C to G were synthesized 
with polynucleotide phosphorylase. These polynucleotides 
were annealed with poly (I) to form dsRNA containing mis- 
matched bases, since G cannot form a normal Watson-Crick 
base pair with 1. The relative mismatching of these dsRNAs 
is inversely proportional to the C/G ratio. The dsRNAs are 
designated by the C/G ratio of the poly(CG) strand. 

Polymers with a C/G ratio of 7 do not promote synthesis of 
2',5'-oligo(A) or phosphorylation of the Mr = 72,000 poly- 
peptide (Figs. X; 2, A and D), Polymers with a C/G ratio of 15 
are partially active in both assays and polymers with a ratio 
of 45 or higher are fully active. 

The effect of increasing concentrations of polymer on the 
^thesis of 2',5'-oligo(A| was next investigated. Polymers 
with a C/G ratio of 45 show maximum activity at 5 ix^/vol^ 
whereas a polymer with a ratio of 7 shows less than 5% of this 
activity at 20 /Ag/ml (data not shown). The activity of polymers 
of different C/G ratio cannot be explained by differential 
degradation of these polynucleotides. No degradation to acid- 
soluble material was detected when polymers of C/G ratio of 
7 and 15 were incubated for 90 min under the conditions of 



our assays (data not shown). The simplest interpretation of 
the above results is that a minimum length of perfectly 
matched 1*C base pairs is necessary for activation of 2',5'- 
oligo(A) polymerase and protein kinase. 

Size Requirements for Activation of 2',5'digo(A) Polym- 
erase and Protein /Cmcse— Polynucleotides of different C/G 
ratios were digested with ribonuclease Tt to yield a series of 
poly (C) fragments terminating in G (9). These fragments were 
fractionated by gel filtration and their size determined as 
described under "Experimental Procedures/' In order to gen- 
erate a full series of sized fragments, polynucleotides with C/ 
G ratios of 2(X), 45, and 20 were digested and fractionated in 
this way. Sized poIy(C) fragments ranging in average length 
between 10 and 360 nucleotides were thus obtained. These 
sized polynucleotides were annealed with equimolar nucleo- 
tide amounts of poly(i). The dsRNAs formed are designated 
as In'Ct, where x indicates the average number of C residues 
of a sized polynucleotide terminating in G. The dsRNAs were 
assayed for activation of 2',5'-oligo(A) polymerase and protein 
kinase (Figs. 1 and 2, B and £). Both enzymes were activated 
only by dsRNAs containing poly(C) longer than 35 nucleo- 
tides, with maximal activity being observed with I„.C«,^ for 
synthesis of 2',5'-oligo( A) and with In-Cm in the kinase assay. 

Partial activation of 2',5'-oligo(A) polymerase and protein 
kinase by dsRNAs containing poiy(C) 35 to 50 nucleotides 
long could be due to contamination of the sized polynucleo- 
tides with poly(C) of greater length. To test this possibility, 
we determined the effect of increasing concentrations of 
dsRNA on the activation of 2',5'-oligo(A) polymerase (Fig. 
2A). The polymer In-C32 was inactive below 10 ^/ml, but at 
20 /ig/ml had 3% of the activity of In-C^v We cannot distin- 
guish, however, between a 3% contamination of C32 with longer 
poly(C) and a marginal activation of the enzyme by !„«Cs2. 

In the experiments described above, the 2',5'-oligo(A) po- 
lymerase assay was carried out at 20 mM Mg(OAc)2 which 
gives optimal synthesis of 2',5'-oligo(A) with HeLa cell ex- 
tracts (8). When 2',5'-oligo(A) synthesis was assayed at the 
same Mg(OAc)'i used in the kinase assay (2 mM), an increase 
in the size of dsRNA required for activation was observed. 
The polymer In-Cs* showed little activity and ln*Ctn was 
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Fig. 1. Phosphorylation of the Mr « 72,000 polypeptide by 
the protein kinase activated with poly(I)«poly(CG) {Uft) or by 
poly<l) annealed to eized poly(C) {right). Ribosomes from inter- 
feron -treated HeLa cells were incubated with or without 0.5 {left) or 
O.l {right) /ig/ml of dsRNA for 7 min at 30**C and analyzed by gel 
electrophoresis and autoradiography as described under '*Experimen- 
tal Procedures.** The tracks show from left to right, an Incubation 



without added dsRNA: incubations with added poIy(I)*poly(CG), 
with the ratio C/G of the polymer indicated for each track; an 
incubation without added dsRNA; incubations with added poly (I) 
annealed to poly(C) of the length indicated for each track (n). The 
position of the Af, » 72.000 and 38,(XK) polypeptides is indicated on 
the right. 




Fig. 2. Synthesis of 2%5'-oligo(A) (A, and C) and phospho> 
rylation of the Mr = 72,000 polypeptide {D, E, and F) promoted 
by poly(I)*po)y(CG) with difTerent ratios of C/G {A and D), by 
poly(I) annealed to sized poly(C)* (B and £), and by sized 
poly(A) annealed to sized poly(lJ) (C and F). Preparation of 
polymers and assays for 2',5'-oligo(A) polymeraise and protein kinase 
are described under "Experimental Procedures." The polymers were 
tested at 10 /ig/ml in the polymerase assay and at 0.5 (D) or 0.1 (E 
and F) /ig/rnl in the kinase assay. The activity is expressed as a 
percentage of that obtained with poly (I) ? poly (C). With this polymer, 
33 nmol of ATP were converted to 2',5'-oligo(A) from an input of 125 
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Fig. 3. Activation of 2\5'-oligo(A) polymerase by different 
concentrations of poly(I) annealed to sized poly(C) with {A) 20 
mM and (B) 2 miw Mg(OAc)2. Increasing concentration of poly(I) • 

C32 (A- — A), poly(l) . C37 (X X), poly(I) • C55 (• — and poly(I) • 

C380 (■ B) were added to standard incubation mixtures. With 30 

/ig/ml of poly (I) • poly (C) and 20 mM Mg(0Ac)2, 40 nmol of ATP were 
converted to 2',5'-oligo(A) from an input of 125 nmol, whereas 20 
nmol were converted with 2 mM Mg(0Ac)2. Each reaction contained 
also 5 mM Mg(0Ac)2 added in equimotar amount with ATP (see 
"Experimental Procedures"). The synthesis of 2',5'-oligo(A) is ex- 
pressed as a percentage of that obtained with 30 fig/ml of poly(I) • 
poly(C). 

practically inactive even at 30 jug/ml (Fig. 3B), whereas !„• 
C.v> remained fully active. 

The failure of dsRNAs containing short poly(C) to activate 
either the 2',5''Oligo(A) polymerase or the protein kinase may 
be due to low affinity of the enzymes for these polymers. 
Alternatively, these dsRNAs may bind the enzymes but may 
not function as activators. This dsRNA/enzyme interaction 
was studied by competition experiments, in which an active 
dsRNA was assayed in the presence of increasing amounts of 
inactive dsRNA. No competition between 2.5 /xg/ml of active 
dsRNA and 30 /ig/ml of inactive dsRNA was detected in the 
2',5'-oligo(A) polymerase assays (data not shown). The results 
of experiments testing competition in the protein kinase assay 
were more difficult to interpret. Activation of the kinase 
occurs only within a range of dsRNA concentrations, and high 
dsRNA levels are inhibitory (14). Addition of a 10-fold excess 
of In* C30 had no effect on kinase activation by 0.1 fig/ml of L- 



nmol of ATP per reaction. In the kinase assay, phosphorylation was 
determined by scanning autoradiographs of gels, like those shown in 
Fig. 1, and measuring the area under the Mr = 72,000 band. Phospho- 
rylation observed with different polymers is shown as a percentage of 
that obtained with poly(I)-poly(C). On the abscissa is indicated the 
C/G ratio of the polymers tested {left panels), the length in nucleo- 
tides of the poly(C) annealed to poly (I) {middle panels) y and the 
length of the shorter polynucleotide used to form dsRNA with sized 
poly (A) and poly(U) {right panels). Different symbols designate in 
these latter panels the longer complementary polynucleotides an- 
nealed: (•) A4)u, (^) U120, and (■) U&oo. 

Ci3o, whereas a 100-fold excess significantly impaired kinase 
activation. The concentration of dsRNA was raised in this 
case to 10 /ig/ml. Both short and long polymers were inactive 
at this dsRNA concentration (Ref 11 and data not shown). It 
seems possible, therefore, that inactive dsRNAs may prevent 
activation of the kinase by raising the dsRNA concentration 
to the inhibitory range. 

Sized poly (A) and poly(U) were similarly tested upon an- 
nealing with equimolar nucleotide amounts of complementary 
strands. It was therefore possible to construct dsRNAs with 
two polynucleotides of known length. The dsRNAs containing 
Aai were inactive in the 2',5'-oligo(A) polymerase assay and 
only slightly active in the kinase assay (Fig. 2, C and F). The 
dsRNAs containing A54 were partially active in both assays, 
and those containing U120 annealed to longer poly (A) were 
fully active. The effect of the complementary chain length on 
the activation of 2',5'-oligo(A) polymerase was investigated in 
a systematic way (Table I). The activity of the dsRNAs was 
found to be dependent mainly on the length of the shorter 
polynucleotide. The length of the complementary polynucle- 
otide is also important, however, as shown by the higher 
activity of A54 annealed with poly(U) of increasing length. A 

Table I 

Effect of varying poly(A) and poly(U) size on the synthesis of 2^,5'- 

oligo(A) 



Polynucleotide" (average size) 

2',5'-01igo(A) synthesized 

A U 







nmol adenosine polymerized 


33 


120 


0 


54 


120 


0.7 


54 


240 


1.4 


54 


500 


6.3 


160 


120 


14.3 


160 


350 


19.1 


160 


500 


25.5 


410 


240 


32.5 


410 


500 


31.7 



" Equimolar nucleotide amounts of poly(A) and poly(U) were 
annealed and assayed at 20 ^g/ml as described under "Experimental 
Procedures.'* Each reaction contained 125 nmol of (^H]ATP. 



Activation of 2 ,5' -OligoiA) Polymerase and Protein Kinase 



10183 



possible explanation for this effect is that annealing of two 
relatively short polymers is likely to result in more discontin- 
uities in complementary strands than when a shorter polymer 
is annealed with a longer one. More double-stranded se- 
quences of the minimal length necessary for enzyme activation 
will be formed in this latter case. 

DISCUSSION 

We have studied the activation of two dsRNA-dependent 
enzymatic activities by preparations of poly (I) -polylCG) con- 
taining different proportions of G residues (mismatched 
dsRNA). The results obtained clearly indicate that a mini- 
mum length of perfectly matched base pairs is necessary for 
the activation of these enzymes. This length can be roughly 
estimated by calculating the average frequency of C runs of 
different length in polymers with variable degree of mismatch- 
ing. If a random distribution of C and G residues is assumed 
to occur in these polymers, the probability of finding a C run 
of length n is then given by (C/(C + G)T (where (C/(C + G)) 
is the relative proportion of C in the mismatched strand). 
Runs of 35 or more C*s are 40-fold more frequent in a polymer 
with a C/G ratio of 35 than in a polymer with a ratio of 7. 
Experimentally, the former polymer was found to be at least 
20-fold more active than the latter polymer in promoting 
synthesis of 2',5'-oligo(A). 

A direct estimate of the dsRNA size requirement for acti- 
vation of these enzymes was obtained by forming polymers 
with a high molecular weight poly (I) strand annealed to 
poly(C) of different length. Only dsRNA containing poly(C) 
longer than 65 to 80 nucleotides was fully active. These results 
were confumed with poly(A) and poly(U) of known size an- 
nealed in different combinations. The structural requirements 
of dsRNA for activation of the 2',5'-oligo(A) polymerase and 
protein kinase are therefore similar. There are, however, some 
differences between these two enzymes. The 2',5'-oligo(A) 
polymerase is fully activated by poly(I) poly(CG) with fewer 
mismatches than the kinase, and dsRNA of greater size is 
required for activation of this latter enzyme. These differences 
may in part be explained by the different Mg^"^ concentration 
in the assays, since slightly larger dsRNA was required for 
maximal activation of 2',5'-oligo(A) polymerase at lower Mg^^ 
concentration. The activation of these two enzymes differs in 
another way: the kinase cannot be activated in the presence 
of high concentrations of dsRNA (14), whereas the 2',5'- 
oligo(A) polymerase is activated more effectively by high 
concentrations of dsRNA (8). 

There are similarities between the structural requirements 
of dsRNA for interferon induction and those for activation of 
2',5'-oligo(A) polymerase and protein kinase. These similari- 
ties have been previously noticed in studies assaying the 
inhibition of protein synthesis by dsRNA in reticulocyte ly- 
sates (15) and extracts of interferon -treated L cells (16), pre- 
sumably due to the combined action of the protein kinase and 
2',5'-oligo(A) polymerase/endonuclease system. A threshold 
molecular size of dsRNA corresponding to approximately 50 
base pairs determines the interferon inducing activity of 
dsRNA (10). A similar size requirement is observed for the 
inhibition of protein synthesis in reticulocyte lysates by 
dsRNA (14). These observations agree with our findings that 
about 40 to 60 base pairs of dsRNA are required for the 



activation of 2',5'-oligo(A) polymerase and protein kinase un- 
der different assay conditions. Similarly, the ability of dsRNA 
to induce interferon decreases with increasing content of 
mismatched bases (9, 17). 

Our restdts are directly comparable to those obtained by 
Carter et aL (9) with poly(I)*poly(C2oG). This polymer can 
partially activate the 2',5'-oIigo(A) polymerase and protein 
kinase and has an intermediate interferon-inducing activity. 
Further work on the interferon-inducing activity of the other 
polymers used in our studies could possibly provide additional 
evidence for this correlation. 

Some differences between the interferon-inducing activity 
and the inhibitory effect on protein synthesis of natural and 
synthetic dsRNA have been previously described (15, 16). 
Certain synthetic dsRNAs containing modified nucleotides 
are extremely efficient interferon inducers but do not signifi- 
cantly inhibit protein synthesis in reticulocyte lysates (15) or 
in extracts of interferon-treated L cells (16). Assays of these 
dsRNAs for activation of the 2',5'-oligo(A) polymerase and 
protein kinase will establish how closely the interferon-induc- 
ing activity of dsRNA is correlated with its ability to activate 
these enzymes. It is tempting to speculate that a dsRNA- 
dependent interferon-induced enzyme is part of the cellular 
recognition system for dsRNA. Both 2',5'-oligo(A) polymerase 
and protein kinase are present at a basal level in all mamma- 
lian and avian cells studied thus far (3). A dsRNA formed by 
a replicating virus or administered to cells may interact with 
these enzymes, which are known to bind dsRNA (18), and 
activate synthesis of 2',5'-oligo(A). This compound may in 
turn have some biological role in the induction of interferon 
S5mthesis. Further studies are necessary to provide some ex- 
perimental support for this working hypothesis. 
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Short interfering RNAs (siRNAs) are double-stranded RNAs of 
='21-25 nucleotides that have been shown to function as key 
intermediaries in triggering sequence*specific RNA degradation 
during posttranscriptional gene silencing in plants and RNA inter- 
ference in invertebrates. siRNAs have a characteristic structure, 
with 5'-phosphate/3'-hydroxy} ends and a 2-base 3' overhang on 
each strand of the duplex. In this study, we present data that 
synthetic siRNAs can induce gene-specific inhibition of expression 
in Caenorhabditis elegans and in cell lines from humans and mice. 
In each case, the interference by siRNAs was superior to the 
inhibition of gene expression mediated by single-stranded anti- 
sense oligonucleotides. The siRNAs seem to avoid the well docu- 
mented nonspecific effects triggered by longer double-stranded 
RNAs in mammalian cells. These observations may open a path 
toward the use of siRNAs as a reverse genetic and therapeutic tool 
in mammalian cells. 

Mechanisms that silence unwanted gene expression are 
critical for normal cellular function. Characterized gene 
silencing mechanisms include a variety of transcriptional and 
posttranscriptional surveillance processes (1-3). Double- 
stranded RNA (dsRNA) has been shown to trigger one of these 
posttranscriptional surveillance processes, in which gene silenc- 
ing involves the degradation of single-stranded RNA (ssRNA) 
targets complementary to the dsRNA trigger (4). RNA inter- 
ference (RNAi) effects triggered by dsRNA have been demon- 
strated in a number of organisms including plants, protozoa, 
nematodes, and insects (5). RNAi may play a role in the silencing 
of mobile elements in Caenorhabditis elegans and Drosophila 
(6-9). Similar posttranscriptional gene silencing (PTGS) effects 
have been implicated as an anti-viral response in plants. PTGS/ 
RNAi seems to be a multistep pathway requiring the processing 
of the trigger, a facilitated interaction with, and degradation of, 
the target mRNA. In some cases, these processes may also 
involve physical amplification of the trigger RNA and long-term 
maintenance of gene silencing (10, 11). 

A key finding from recent work has shown the generation of 
small (=^21-25 nucleotides) dsRNAs from the input dsRNA 
during PTGS and RNAi (12-16). These small dsRNAs have 
been detected in plants, Drosophila, and C. elegans and have been 
suggested to serve as guide RNAs for target recognition. In 
Drosophila extracts subjected to RNAi, these small dsRNAs 
[called short interfering (siRNAs)] resemble breakdown prod- 
ucts of an RNase Ill-like digestion (17). In particular, each 
strand of the siRNAs carry 5' phosphate and 3' hydroxyl termini 
and 2- or 3-nt 3' overhangs. siRNAs of 21-22 nucleotides can 
induce specific degradation when added to Drosophila cell 
extracts (17). Further, a Drosophila dsRNA-specific RNase has 
been identified that can degrade large dsRNA (200 and 500 bp) 
to small dsRNAs of ««22 nucleotides. RNAi-triggered inhibition 
of this ribonuclease significantly reduces the effectiveness of 
RNAi in Drosophila 82 cells (18). 
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As yet, clear evidence for the generality of an RNAi-like 
mechanism in vertebrate cells is lacking. Several studies have 
reported evidence for dsRNA-triggered silencing in particular 
certain vertebrate systems, early embryos of mice, zebrafish, and 
Xenopus, as well as Chinese hamster ovary cells (19-25). At the 
same time, numerous reports have described failures to observe 
gene-specific RNAi effects in different vertebrate systems, dem- 
onstrating instead nonspecific effects of dsRNA on gene expres- 
sion (26-29). These nonspecific effects have not been surprising 
as there is an extensive literature describing a variety of non- 
specific responses induced by dsRNAs in mammalian cells. A 
major component of the mammalian nonspecific response to 
dsRNA is mediated by the dsRNA-dependent protein kinase, 
PKR, which phosphorylates and inactivates the translation factor 
eIF2a, leading to a generalized suppression of protein synthesis 
and cell death via both nonapoptotic and apoptotic pathways 
(30). PKR may be one of several kinases in mammalian cells that 
can mediate this response (31). A second dsRNA-response 
pathway involving the dsRNA-induced synthesis of 2'-5' polya- 
denylic acid and a consequent activation of a sequence-non- 
specific RNase (RNaseL) has also been demonstrated (32). 
These nonspecific responses to dsRNA, however, do not neces- 
sarily preclude the presence of an RNAi-like mechanism in 
mammalian cells. The activation of PKR by dsRNA has been 
shown to be length-dependent; dsRNAs of less than 30 nucle- 
otides are unable to activate PKR, and full activation requires 
^80 nucleotides (33, 34). Given the observations that (/) 21- 
25-nt dsRNAs with a characteristic structure can mediate RNAi 
in cell extracts and that (//) dsRNAs of less than 30 bp do not 
activate PKR, we set out to determine whether short dsRNAs 
v^'ith an RNase III cleavage structure could trigger a gene- 
specific RNAi response in model invertebrates and mammalian 
cells. 

Methods 

Nucleic Acids. Single-stranded, gene-specific sense and antisense 
RNA oligomers were synthesized by using 2'-0-(tri-isopropyi) 
silyloxymethyl chemistry by Xeragon AG (Zurich, Switzerland). 
We have previously shown RNAs produced by this methodology 
are highly pure and efficiently form RNA duplexes (16, 27). For 
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studies conducted in C elegans, RNA oligomers were annealed 
and injected into adults at a concentration of 5 mg/ml as 
described (16). For experiments conducted using mammalian 
cells, dsRNA molecules were generated by mixing sense and 
antisense ssRNA oligomers (100 ptg each) in 10 mM Tris-Cl (pH 
7.0), 20 mM NaCl (total volume 300 /xJ), heating to 95X, and 
cooling slowly (18 h) to room temperature. The dsRNAs were 
ethanol-precipilated and resuspended in water at *«0.5 mg/ml. 
The integrity and the dsRNA character of the annealed RNAs 
were confirmed by gel electrophoresis. The sequences of the 
RNA oligonucleotides used are shown in Table 2, which is 
published as supplemental data on the PNAS web site, www. 
pnas.org; the cat 22 and 23 ssRNA oligomers were HPLC- 
purified. Plasmid pEGFP-N3 (CLONTECH) expresses a 
mammalian-enhanced version of green fluorescent protein 
(GFP) and neomycin phosphotransferase (neo). Plasmid 
pcDNA3.CAT (Invitrogen) expresses chloramphenicol acetyl 
transferase (CAT) and neo. 

Cell Culture and Nudeic Acid Transfectlons. All mammalian cells 
were grown in DMEM (Life Technologies, Rockville, MD) 
supplemented with 10% (vol/vol) FBS (Gemini Biological Prod- 
ucts, Calabasas, CA). Primary mouse embryonic fibroblasts 
(MEFs) from wild-type 1129 mouse embryos (a gift of J. Bell, 
Univ. of Ottawa, Ontario, Canada; ref. 31) were expanded to 
generate a more homogenous cell line and were used at passages 
20-50 (35). 293 is a human embryonic kidney cell line (36); HeLa 
is a human epithelial cell line derived from a cervical adeno- 
carcinoma [American Type Culture Collection (ATTC) no. 
CCL-2]. Plasmid/RNA cotransfection of mammalian cells was 
mediated by using the cationic lipid Lipofectamine (GIBCO) 
and the propriety plus reagent (Life Technologies). Cells were 
seeded ^18 h before transfection and were transfected at 
70-80% confluency. Plasmid DNA was complexed with the 
plus reagent (4-6 plI/2 ^g DNA) in DMEM for ««15 min. RNAs 
were added 5-10 min into the plasmid/plus reagent incubation. 
Lipofectamine diluted in DMEM was added to the plasmid/plus 
reagent/RNA mixture, and complexation was continued for an 
additional 15 min. The amount of Lipofectamine added (8-15 
^g) was based on the total weight of nucleic acid (DNA and 
RNA) used and a weight to weight ratio of nucleic acid to lipid 
of 1 :4. The amount of RNA used was adjusted to account for the 
variations in the sizes of RNA. For small RNAs (21-27 nucle- 
otides), 70 pmols of ssRNA and dsRNA was used, corresponding 
to -^0.5 /xg of a 22-nt ssRNA and 1 /xg of 22-nt dsRNA. For the 
larger RNAs (78-81 nucleotides), =«30 pmols of RNA was used 
(0.85 fx$ of ssRNA and 1.7 fxg of dsRNA). Three hours after 
initiation of transfection, DMEM supplemented with 20% (vol/ 
vol) FBS was added to the cells. 

Analysis of Gene Expression. The C elegans unc-22 gene encodes 
an abundant striated muscle component that results in a char- 
acteristic twitching phenotype. Animals were scored for the 
twitching phenotype as described (16). GFP expression was 
assessed in mammalian cells by fluorescence-activated cell 
sorter (FACS; FacsCaliber, Becton Dickinson) by using 
pcDNA3.CAT-iransfected cells to control for background flu- 
orescence. CAT expression was assessed by using an ELISA- 
based assay (Roche Molecular Biochemicals). Total protein was 
determined by using the Bradford method as described (27). 
Poly(A)'^ RNA was purified from MEFs by using GTC extrac- 
tion, oligo(dT) cellulose chromatography, and DNase digestion 
to remove residual plasmid DNA. After electrophoresis [1.2% 
agarose/1 x 4-morpholinepropanesulfonic acid (Mops)/5.0% 
formaldehyde] and Northern blot transfer, filters were sequen- 
tially hybridized with random prime-labeled cDNA probes cor- 
responding to egfp and neo. Hybridization intensities were mea- 
sured by using a BAS150 Phosphorlmager (Molecular 



Table 1. Short RNase Ill-like products can induce specific 
interference in C. elegans 

Fraction affected 



Injection (number scored) 



unC'22 sIRNA 23 nts 


1.4% (145) 


unc-22 sIRNA 24 nts 


3.6% (279) 


unc'22 sIRNA 25 nts 


16.3% (768) 


unC'22 sense ssRNA 25 nts 


0%(>1100) 


unc-22 antisense ssRNA 25 nts 


0% (>600) 


unc-22 dsRNA 81 nts 


88.9% (180) 


egfp si RNA 22 nts 


0% (>300) 


egfp si RNA 23 nts 


0% (>300) 


egfp sIRNA 24 nts 


0% (>300) 


egfp sIRNA 25 nts 


0% (>300) 


No injection 


0% (>300) 



dsRNA molecules were formed with each strand carrying a 5'-P04, 3'-OH, 

and 2-base 3' overhangs. These were injected into adult C elegans as de- 
scribed in Methods. Percentages shown denote portion of progeny broods 
that show a specific decrease in unc-22 function as evidenced by twitching 
behavior in 330 ^j.M levamisole. Numbers in parenthesis are total numbers of 
animals scored, nts, nucleotides. 

Dynamics), and pixel densities were calculated by using IMAGE 

READER 1.4 and IMAGE GAUGE 3.0 (Fuji). 

Cell Survival and in Vitro Kinase Assays. To assay cell survival, MEFs 
were plated in 96-well plates ^18 h before transfection and were 
transfected at =^70-80% confluency by using Lipofactamine as 
a carrier. RNA transfectlons were conducted as above, except for 
the omission of the plus complexation step, and using 1 /10th the 
amount of RNA and lipid and 1/lOth the volume of medium. 
Cell viability was determined by using the 3-(4,5-dimethyhhia- 
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) labeling re- 
agent as described by the manufacturer (Roche Molecular 
Biochemicals) 48 h after initiation of transfection. In vitro kinase 
reactions were conducted in a final volume of 12.5 ml by using 
100 mM [y-^^P]ATP (specific activity 1 Ci/mM, Amersham 
Pharmacia), 100 mM ATP (Sigma) in 20 mM Hepes (pH 7.5), 90 
mM KCl, 5 mM MgOAc, 1 mM DTT, and an equal amount of 
cell lysate prepared from 1 X 10^ human Jurkat T lymphocytes 
treated with 100 units/ml of rhlFN-jS for 24 h before lysis (lysis 
buffer: 20 mM Hepes/120 mM KCI/5 mM MgOAc/1 mM 
benzamidine/1 mM DTT/1% Nonidet P-40). dsRNA (1 fxg/ml) 
was added to each reaction mixture, and the reactions were 
incubated for 10 min at 30**C. Reactions were quenched by 
addition of an equal volume of 2 times sample buffer (2 times 
sample buffer: 62.5 mM Tris-Cl, pH 6.8/10% glycerol/2% 
SDS/0.0125% bromophenol bIue/5% p-mercaptoethanol), 
boiled for 2 min, and subjected to electrophoresis (10% (vol/vol) 
SDS/PAGE]. Labeled proteins were visualized by autoradiog- 
raphy of dried gels. 

Results 

Short RNase Ill-Like Products Can Induce Inhibition of Gene Expression 
In Invertebrate Cells. A series of dsRNAs with characteristics of 
siRNAs (5' phosphate, 3' hydroxyl, and 2 base 3' overhangs on 
each strand) were generated from chemically synthesized 
ssRNAs. The siRNAs varied from 21-27 nucleotides and 
had sequences thai matched three different target RNAs, unc-22^ 
cat, and egfp (for sequences see Table 2). 

To determine whether siRNAs can be used directly to inhibit 
gene expression we first assessed interference in C elegans by 
using siRNAs corresponding to C. elegans unc-22 (Table 1). 
unc-22 provides a sensitive and specific assay for genetic inter- 
ference as this is the only gene in the C elegans genome that can 
mutate by loss of function to give a twitching phenotype. unc-22 
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Fig. 1. Gene-specific inhibition of expression in MEFsbysiRNAs. MEFstransfected witli plasmid DNA, ssRN As, and dsRNAs were harvested 48 h after transfection 
and were assayed for {A-D) GFP expression by FACS analysis (each transfection was assayed in triplicate and data are shown as mean ± SEM). A and C show the 
percentage of GFP-positive cells and B and D show the fluorescence intensity (Geo Mean) of GFP-positive cells, (f-/) CAT expression (each transfection condition 
was assayed in triplicate; data in E are normalized to the amount of CAT pg/^tg of protein observed in pcDNA3.CAT-transfected cells; data in F-l are normalized 
to the amount of CAT pg/^Q of protein in plasmid and sense ssRNA-transfected cells, s. sense ssRNA; as, antisensessRNA). {J) egfp and neo RNA levels by Northern 
analysis of poly(A)^ mRNA. {K) Cell survival {assayed in duplicate and shown as a mean ODseo-eso; dsRNAs of 21-25 and 78 nucleotides correspond to egfp; the 
dsRNA of 81 nucleotides corresponds to lacZ). (i and M) GFP expression by FACS analysis (data are shown as relative percentage normalized to pEGFP-N3- 
transfected cells). *, P < 0.05; **, P< 0.01; ***, P < 0.001. 



siRNAs induced a decrease in unc-22 gene expression as mea- 
sured by the presence of the twitching phenotype in the progeny 
of injected adults. Small dsRNAs of 23, 24, and 25 nucleotides 
produced interference with the 25-nt unc-22 siRNA inducing the 
highest fraction of animals with an affected phenotype (16.3%). 
As a control, siRNAs directed against an unrelated sequence 
{egfp) induced no phenotypic changes (Table 1). 

21-23-nt dsRNAs Inhibit Expression in MEFs. To test whether small 
dsRNA molecules can specifically inhibit gene expression in 
vertebrate cells, we cotransfected MEFs with expression plas- 
mids encoding GFP (pEGFP-N3) and CAT (pcDNAS.CAT), 
and synthetic siRNAs corresponding to egfp, cat, or unc-22 (Fig. 
1). The egfp dsRNAs (21-27 nucleotides) all inhibited GFP 
expression in MEFs. The 22- and 23-nt egfp siRNAs (20 and 21 
nucleotides base-paired with 2-nt 3' overhangs) showed the 
greatest degree of inhibition, both with respect to the total 
number of ceils expressing GFP (Fig. \A) and the fluorescence 
intensity of the GFP expression observed in GFP-positive cells 



(Fig. W), In contrast, unc-22 dsRNAs of 23-25 nucleotides had 
no significant effect on GFP expression (Fig. 1 C and £)). 

To further assess the efficacy and specificity of the inhibition 
mediated by siRNAs in mammalian cells, we used a second 
reporter, CAT (Fig. 1 E-f). cat siRNAs of 22 and 23 nucleotides 
completely inhibited CAT expression (Fig. 1 £ and F), whereas 
unc-22 and egfp dsRNAs had no little or no effect on CAT 
expression (Fig. 1 G-/). Although no antisense effect had been 
seen by using GFP as a reporter, the cat ssRNA antisense 
oligomers partially inhibited CAT expression. However, the 
siRNA-mediated inhibition was more potent (»1.5-foId), sug- 
gesting that the gene silencing mediated by the small dsRNAs 
can be distinguished from a purely antisense-based mechanism. 

To analyze this inhibition of egfp expression at an RNA level, 
poly(A)"^ RNA was purified from transfected MEFs and sub- 
jected to Northern analysis by using cDNA probes corresponding 
to egfp and neo, both encoded by the pEGFP-N3 plasmid (Fig. 
\J). Quantitative Phosphorlmager analysis showed a decrease in 
the levels of the egfp mRNA obtained from cells cotransfected 



9744 I www.pnas.org/cgi/doi/10.1073/pnas.171251798 



Caplen et a/. 



son 

O 40- 
^ 20- 

0-* 



B 



c800r 

ieoo" 

24O0r 

§200- 
CO n 



PEGPP-N3 + 
egrii?asssRNA e^pdsFUsiA 

/ 

21 22 23 21 22 23 nts 
pEQFP-NS 4> 



I i I 



y i[i 



I r 

21 22 1^ 21 22 23 nts 



40" 

2: aor 

o 20- 

5^ 10" 



0" 



PEGFP-N3 + 
egfp as ssRNA ^/p dsRNA 




m 800. 
S 600 I 
400" 
200^ 
0" 



I 



21 22 23 21 22 23 

pEGFP-N3 + 
epfp as ssRNA ^pdsRNA 



nts 



Rl 



««« 



MMt 

T T 1 



21 22 23 21 22 23 nts 



pcDNA3.CAT+ 
cat 22 nts 



PCDNA3.CAT+ 
ca/23nts 



^125-1 
100* 
75" 
50' 
25' 
0" 



< 



s as ds 



3? 

s 



125-1 
100- 
75- 
50- 
25- 
0-^ 



PCDNA3.CAT+ 
egfp 22 nts 



s as ds 




H pcDNA3,CAT+ 
eg^ 23 nts 

^ 12S-1 
100 
75 
50 

0 



o 



s as ds 



r 

s asds 



Fig. 2. siRNA*mediated gene silencing in liuman cells. {A and B) 293 and (Cand O) HeLa cells transfected with pEGFP-N3 and antisense (as) ssRNAs and dsRNAs 
were harvested 48 h after transfection and were assayed for GFP expression by FACS analysis (assayed in triplicate: data are shown as mean ± SEM). A and Cshow 
the percentage of GFP-positive cells and B and D showthe fluorescence intensity (Geo Mean) of GFP-positive cells. {E~H) HeLa cells transfected with pcDNA3-CAT, 
ssRNAs, and dsRNAs were harvested 48 h after transfection and assayed for CAT expression (assayed In triplicate and normalized to the amount of CAT pg/tig 
of protein observed in plasmid plus sense-transfected cells, s, sense ssRNA; as, antisense ssRNA). *, P< 0.05; **, P < 0.01; ***, P < 0.001. 



with the pEGFP-N3 plasmid and the 21-, 22-, and 23-nt egfp 
siRNAs, compared with cells transfected only with the GFP 
plasmid. The percentage decrease was =«60% for all three egfp 
siRNAs when compared with the levels of egfp mRNA in cells 
transfected only with plasmid. Importantly, no effect was seen on 
the levels of the neo transcript compared with plasmid-only 
transfected cells, indicating that the inhibition induced by the 
small egfp dsRNAs was sequence-specific. Consistent with this 
hypothesis, the 23-nt dsRNA corresponding to the C. elegans 
unc-22 gene had no effect on either egfp or neo expression. 

To follow the fate of cells transfected with siRNAs and larger 
dsRNAs, we assayed MEF cell survival (Fig. \K). Longer 
dsRNAs (78 or 81 nucleotides with flush ends) induced a 
substantial degree of cell death (up to 50%) in a 48-h period, 
whereas the smaller dsRNAs had a minimal effect on the growth 
of cells. By examining the effect of the larger dsRNAs on gene 
expression, we observed that the larger dsRNAs (78 or 81 
nucleotides) induced a sequence nonspecific decrease of 75% in 
the percentage of cells expressing GFP (Fig. \L) and in CAT 
protein levels (data not shown), compared with plasmid controls. 
This nonspecific decrease in gene expression is consistent with 
previous data from numerous mammalian systems and contrasts 
with the specific gene silencing the 78*nt egfp dsRNA induces in 
Drosophila S2 cells (27). However, it should be noted that the 
decrease in transgene expression after siRNA transfection could 
be distinguished from the nonspecific inhibition by examination 
of the GFP fluorescence intensity seen in viable cells. The 
fluorescence intensity of GFP expression best illustrates a 
change in the total amount of GFP made by a live cell and 
therefore is less influenced by nonspecific cell death. Although 
some decrease («*60%) in the fluorescence intensity was seen by 
using the larger «»80-nt dsRNA molecules (irrespective of se- 
quence), the e^p siRNAs of 22 and 23 nucleotides consistently 
reduced the intensity of the GFP signal (by «**90%) to near 
background levels (Fig. lAf). The difference in specificity be- 
tween the longer dsRNAs and siRNAs could also be seen at an 
RNA level were the 78-nt egfp dsRNA induced a significant 



decrease in both the e^p and neo transcripts, whereas the 
siRNAs inhibited only egfp (Fig. 17). 

Inhibition of Gene Expression In Human Somatic Cells. To date, there 
has been no evidence of an RNAi-like process occurring in 
human somatic cells. To determine whether siRNAs could also 
specifically inhibit gene expression in human cells, we cotrans- 
fected two commonly used hurnan cell lines, the embryonic 
kidney cell line 293 and the epithelial carcinoma cell line HeLa, 
with plasmids and RNA (Fig. 2). All of the egfp siRNAs tested 
inhibited GFP gene expression in 293 (Fig. 2 A and B) and HeLa 
(Fig. 2 C and D) cells, with the 22- and 23-nt egfp siRNAs 
inducing the greatest decrease in GFP expression. In 293 cells 
cotransfected with pEGFP-N3 and the 22-nt egfp si RNA, the 
intensity of GFP expression was reduced to near background 
levels (Fig. 2B). Similar results were seen in HeLa cells cotrans- 
fected with pEGFP-N3 and the 22- or 23-nt egfp siRNAs (Fig. 
2D). dsRNAs corresponding to unc-22 had no effect on GFP 
expression in these cells (data not shown). The siRNA-triggered 
inhibition of GFP expression was dose-dependent in that dou- 
bling the amount of dsRNA (from 70 to 140 pniols) decreased 
GFP intensity by an additional 25% for the egfp 22-nt siRNA and 
by 45% for the egfp 23-nt siRNA. CAT expression was also 
significantly inhibited by siRNAs corresponding to cat (Fig. 2 E 
and F) in HeLa cells. Again, the inhibition mediated by the 
siRNAs was significantly higher than that seen by using ssRNA 
antisense oligomers. Cotransfection of the pcDNA3.CAT plas- 
mid and the egfp siRNAs of the same size and of similar GC/AT 
complexity had no effect on CAT expression (Fig. 2 C and H). 

siRNA-Mediated Inhibition of Gene Expression Is Independent of 
Nonspecific Interference Pathways Activated by Larger dsRNAs. It has 

been reported that small blunt-ended dsRNAs of less than 30 bp 
do not activate PKR (34). Indeed, at high concentrations these 
short dsRNAs can competitively inhibit activation of PKR by 
larger dsRNAs. Similarly, the synthetic siRNAs used in this study 
did not activate PKR (Fig. 3/4) and inhibited the activation of 
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Fig. 3. siRNAs and mammaiian dsRNA-dependent pathways. To detect PKR auto phosphorylation, we performed m w'tro kinase assays as described In Methods. 
(/\) /n wtro kinase reactions were performed without exogenous RNA(-) or with 1 tig/fr\\ of reovirusdsRNAor 1 ^9/"^' of sIRNA (21-25 nucleotides), or 1 /xg/ml 
of 78- or 81-nt dsRNA. (B) In vitro kinase competition assays were performed by using si- and dsRNAs. Reactions were performed without exogenous RNA (-) 
or 1 Mg/mi of reovirus RNA, or 75-fold excess siRNA (21-25 nucleotides) or 78- or 81-nt dsRNA, plus reovirus dsRNA (1 /ig/ml). sIRNAs of 21-25 nucleotides and 
dsRNA of 78 nucleotides corresponded to egfp (the 81-nt dsRNA corresponds to LacZi. (Cand 0) 293 cells transfected with pEGFP-N3 and unc-22 or egfp siRNAs, 
and (£ and F) 293 cells transfected with pEGFP-N3 and 78 egfp dsRNA and unC'22 or egfp siRNAs were assayed for GFP expression by FACS analysis 48 h after 
transfection (each transfectlon was assayed in triplicate; data are shown as mean ± SEM). B and D show the percentage of GFP>posltlve cells and Cand E show 
the fluorescence intensity (Geo Mean) of GFP-positive cells. *. P< 0.05; **, P < 0.01; *♦*, P < 0.001. 



PKR by a large viral dsRNA (Fig. 38). Interestingly, in this assay 
we were unable to detect activation of PKR by the 78- and 81-nt 
dsRNAs, despite observing a substantial level of cell death, 
suggesting that other dsRNA-dependent kinases or other path- 
ways may be contributing in MEFs to the decrease in gene 
expression and cell death observed with these RNAs. 

To see whether the small dsRNAs could block the toxic effect 
of the larger dsRNAs in cells, we cotransfected 293 cells with the 
pEGFP-N3 plasmid, the egfp 78-nt dsRNA, and the unc-22 23- 
or 24-nt siRNAs or the egfp 23- or 24-nt siRNAs (Fig. 3 C-F). 
The cell death induced by the 78-nt egfp dsRNA was not inhibited 
by the unC'22 or egfp siRNAs (Fig. 3 C and D vs. E and F) but 
importantly the 78-nt egfp dsRNA did not block the specific 
inhibition of GFP expression mediated by the 23-nt egfp siRNA. 
This result suggests that the siRNA-mediated gene silencing 
mechanism is independent of nonspecific responses of mamma- 
lian cells to dsRNA. 

Discussion 

A consistent observation of PTGS and RNAi in several species 
has been the detection of small dsRNAs (=«21-25 nucleotides) 
and siRNAs derived from the triggering dsRNA. These small 
dsRNAs have been observed irrespective of whether the initi- 
ating dsRNA is delivered directly, is derived from a viral RNA, 
or is produced from a transgene (12-17). These findings and 
further biochemical analysis (18) have suggested that the gen- 
eration of siRNAs represents a critical step in the RNAi/PTGS 
mechanism. We now present evidence that these siRNAs can 
have direct effects on gene expression in C. elegans and mam- 
malian cell culture in vivo. Our results in mammalian cells are 
particularly striking in that previous attempts to assay RNAi 
effects in vertebrate somatic cells have encountered effects that 
were predominately gene-nonspecific (26-29). We propose that 
the small size of the siRNAs avoids the induction of the 
nonspecific responses of mammalian cells to dsRNA. 

Several models have been put forward to explain RNAi, in 
particular the mechanisms by which siRNAs interact with the 
target mRNA and thus facilitate its degradation (12-15, 17, 37). 
It has been proposed that the siRNAs act as a guide for the 
enzymatic complex required for the sequence-specific cleavage 
of the target mRNA. Evidence for the role of siRNA as a guide 
includes cleavage of the target mRNA at regular intervals of 



^21-23 nucleotides in the region corresponding to the input 
dsRNA (13), with the exact cleavage sites corresponding to the 
middles of sequences covered by individual 21- or 22-nt siRNAs 
(17). Although mammals and lower organisms seem to share 
dsRNA-triggered responses that involve a related intermediate 
(siRNAs), it is likely that there will be differences as well as 
similarities in the underlying mechanism. 

Several of the proteins shown to play key roles in RNA- 
triggered gene silencing in plants and invertebrates share ho- 
mology with potential coding regions from the human or other 
vertebrate genomes. These include putative RNA-dependent 
polymerases (RdRp; refs. 38-41), the RDE-l/Argonaute family 
(8), and a variety of putative helicases and nucleases (9, 18, 
42-44). Mammalian homologs of the RNAi-associated Drosoph- 
ila RNase 111 have been identified (45, 46). Importantly, one of 
these putative RNases has been shown to generate small dsRNA 
molecules of ^22 nucleotides from larger dsRNAs (18). How- 
ever, even in invertebrate systems, the precise role of these 
factors in RNAi remains to be elucidated. Because factors from 
each of these homology classes have identified roles in normal 
physiology and development (i.e., beyond genome surveillance), 
a full analvsis of the reaction mechanisms in the different 
biological systems may be needed before a clear picture of the 
commonality between RNAi in these different systems will 
emerge. 

Our experiments do not address possible differences in mech- 
anism between invertebrate and vertebrate systems, although we 
observed some variation between the different assay systems in 
the optimal size and effectiveness of the inhibiting dsRNA. 
These differences could be gene-, species-, cell type-, or assay- 
specific; it will be particularly interesting to determine whether 
there are species-dependent differences in the length or struc- 
ture of natural siRNAs. It is not yet clear what roles RNAi/ 
PTGS might play in mammalian systems. RNAi-related silencing 
mechanisms in plant and invertebrate systems have been impli- 
cated in the silencing of viruses and transposons. Mammalian 
genomes have a need to cope with a considerable load of viruses, 
selfish DNA, and aberrant transcription. RNAi-related mecha- 
nisms could certainly function as a part of the defense network 
for any or all of these genomic hazards. Alternatively, specific 
gene silencing by dsRNA could function in normal mammalian 
gene regulation, e.g., in imprinting or X inactivation (47). 



9746 I www.pnas.org/cgl/doi/10.1073/pnas.171251798 



Caplen et a/. 



Because of the efficacy and ease with which RNAi can be 
induced, RNAi has been rapidly exploited in C elegans and 
Drosophila as a reverse genetics tool (48). Currently, the prin- 
cipal method used to reduce gene expression in mammalian cells 
utilizes antisense sequences in the form of single-stranded 
oligonucleotides and transcripts. The interaction of antisense 
sequences with mRNA through Watson-Crick base-pairing 
leads to a decrease in gene expression by several possible 
mechanisms, including the activation of RNaseH, which cleaves 
RNA/DNA duplexes, and the inhibition of RNA processing 
and/or translational blockade (49). Several issues have limited 
wider use of antisense technology. Problems have included a lack 
of suitable target sequences within a given mRNA caused by 
RNA secondary folding, which necessitates screening of multiple 
antisense sequences to identify those that mediate the greatest 
level of inhibition and inefficient delivery m vitro and in vivo. We 
have tested only a limited number of siRNAs in mammalian cells 
but as yet all of the siRNAs that were tested produced specific 
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inhibition of gene expression, and the siRNAs seem to be very 
stable and thus may not require the extensive chemical modifi- 
cations that ssRNA antisense oligonucleotides require to en- 
hance the in vivo half-life. Our initial experiments suggest that 
siRNAs may be useful for triggering RNAi-like responses that 
could be used as functional genomics and therapeutic tools. 
Certain applications may be facilitated by the simple transfection 
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ogy), respectively. Staining specificity was controlled by single staining, as well as by using 
secondary antibodies in the absence of the primary stain. 

Generation of target cells 

Target cells displaying a membrane-integral version of either wild-type HELor a mutant 
exhibiting reduced affinity for HyHELlO ((R^\ D"*', G'°^ N'"') designated HEL*) were 
generated by transfecting mouse J558L plasmacytoma cells with constructs analogous to 
those used'" for expression of soluble HEL/HEL*, except that 14 Ser/Gly codons, the H2K'' 
transmembrane region, and a 23-codon cytoplasmic domain were inserted immediately 
upstream of the termination codon by polymerase chain reaction. For mHEL-GFP, we 
included the EGFP coding domain in the Ser/Gly linker. Abundance of surfoce HEL was 
monitored by flow cytometry and radiolabelled-antibody binding using HyHEL5 and 
DL3 HEL-specific monoclonal antibodies* for which the mutant HELs used in this work 
show unaltered affinities'". 

Interaction assays 

For B-cell/target interaction assays, splenic B cells from 3-83 or MD4 transgenic mice^**^' 
carrying (IgM + IgD) BCRs specific for HEL or H2KVH2KWe freshly purified on 
Lympholyte and incubated with a twofold excess of target cells in RPMI, 50 mM HEPES 
pH 7.4, for the appropriate time at 37 *C before being applied to polylysine-coated slides. 
Cells were fixed in 4% paraformaldehyde/PBS or methanol and permeabilized with PBS/ 

0. 1. Triton X-100 before immunofluorescence. We acquired confocal images using a 
Nikon E800 microscope attached to BioRad Radiance Plus scanning system equipped with 
488-nm and 343-nm lasers, as well as differential interference contrast for transmitted 
light. GFP fluorescence in living cells in real time was visualized using a Radiance 2000 and 
Nikon E300 inverted microscope. Images were processed using BioRad Lasersharp 1024 or 
2000 software to provide single plane images, confocal projections or slicing. 

Antigen presentation 

Presentation of HEL epitopes to T-cell hybridomas 2G7 (specific for 1-E''[HEL'""')) and 
1E5 (specific for l-E'^lHEL"""'"']) by transfectants of the LK35.2 B-cell hybridoma 
expressing an HEL-specific IgM BCR was monitored as described'". 
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RNA interference (RNAi) is the process of sequence-specific, 
post-transcriptional gene silencing in animals and plants, 
initiated by double-stranded RNA (dsRNA) that is homologous 
in sequence to the silenced gene'""*. The mediators of sequence- 
specific messenger RNA degradation are 21- and 22-nucleotide 
small interfering RNAs (siRNAs) generated by ribonuclease III 
cleavage from longer dsRNAs^"'. Here we show that 21 -nucleo- 
tide siRNA duplexes specifically suppress expression of endo- 
genous and heterologous genes in different mammalian cell 
lines, including human embryonic kidney (293) and HeLa 
cells. Therefore, 21 -nucleotide siRNA duplexes provide a new 
tool for studying gene function in mammalian cells and may 
eventually be used as gene-specific therapeutics. 

Uptake of dsRNA by insect cell lines has previously been shown to 
*knock-down* the expression of specific proteins, owing to 
sequence-specific, dsRNA-mediated mRNA degradation*''^"'^ 
However, it has not been possible to detect potent and specific 
RNA interference in commonly used mammalian cell culture 
systems, including 293 (human embryonic kidney), NIH/3T3 
(mouse fibroblast), BHK-21 (Syrian baby hamster kidney), and 
CHO-Kl (Chinese hamster ovary) cells, applying dsRNA that varies 
in size between 38 and 1,662 base pairs (bp)'°''\ This apparent lack 
of RNAi in mammalian cell culture was unexpected, because RNAi 
exists in mouse oocytes and early embryos and because RNAi- 
related, transgene-mediated co-suppression was also observed in 
cultured Rat-1 fib^oblasts'^ But it is known that dsRNA in the 
cytoplasm of mammalian cells can trigger profound physiological 
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reactions that lead to the induction of interferon synthesis'^. In 
the interferon response, dsRNA>30bp binds and activates the 
protein kinase PKR'^ and 2',5'-oligoadenylate synthetase (2',5'- 
AS)'^ Activated PKR stalls translation by phosphorylation of the 
translation initiation factors eIF2a, and activated 2 ',5 '-AS causes 
mRNA degradation by 2',5'-oligoadenylate-activated ribonuclease 
L. These responses are intrinsically sequence-nonspecific to the 
inducing dsRNA. 

Base-paired 21- and 22-nucleotide (nt) siRNAs with overhanging 
3' ends mediate efficient sequence-specific mRNA degradation in 
lysates prepared fi-om Drosophila embryos^. To test whether siRNAs 
are also capable of mediating RNAi in cell culture, we synthesized 
21-nt siRNA duplexes with symmetric 2-nt 3' overhangs directed 
against reporter genes coding for sea pansy {Renilla reniformist RL) 
and two sequence variants of firefly (Photinus pyralis, GL2 and GL3) 
luciferases (Fig. la, b). The siRNA duplexes were co-transfected 
with the reporter plasmid combinations pGL2/pRL or pGL3/pRL, 
into Drosophila S2 cells or mammalian cells using cationic lipo- 
somes. Luciferase activities were determined 20 h after transfection. 
In Drosophila S2 cells (Fig. 2a and b), the specific inhibition of 
luciferases was complete and similar to results previously obtained 
for longer dsRNAs^''°''^''*. In mammalian cells, where the reporter 
genes were 50- to 100-fold more strongly expressed, the specific 
suppression was less complete (Fig. 2c-j). In NIH/3T3, monkey 
COS-7 and Hela S3 cells (Fig. 2c-h), GL2 expression was reduced 3- 
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Figure 1 Reporter constructs and siRNA duplexes, a, The firefly {Pp-\uz) and sea pansy 
(ffr-luc) luciferase reporter-gene regions from plasmids pGL2-Control, pGL3-Controt, and 
pRL-TK (Promega) are illustrated; sinnian virus 40 {SV40) promoter (prom.); S\/40 
enhancer element (enh.); SV40 late potyadenylation signal (poty(A)); herpes simplex virus 
(HSV) thymidine kinase promoter, and two introns (lines) are indicated. The sequence of 
GL3 luciferase is 95% identical to GL2, but RL is completely unrelated to both. Luciferase 
expression from pGL2 is approximately 10-fold lower than from pGL3 in transfected 
mammalian cells. The region targeted by the siRNA duplexes is indicated as black bar 
below the coding region of the luciferase genes, b, The sense (top) and antisense (bottom) 
sequences of the siRNA duplexes targeting GL2, GL3, and RL luciferase are shown. The 
GL2 and GL3 siRNA duplexes differ by only three single-nucleotide substitutions (boxed in 
grey). As nonspecific control, a duplex with the inverted GL2 sequence, invGL2, was 
synthesized. The 2-nucleotide 3' overhang of 2'-deoxythymidine ts indicated as TT; uGL2 
is similar to GL2 siRNA but contains ribo-uridine 3' overhangs. 



to 12-fold, GL3 expression 9- to 25-fold, and RL expression 2- to 3- 
fold, in response to the cognate siRNAs. For 293 cells, targeting of 
RL luciferase by RL siRNAs was ineffective, although GL2 and GL3 
targets responded specifically (Fig. 2i and j). The lack of reduction of 
RL expression in 293 cells may be because of its expression, 5- to 20- 
fold higher than any other mammalian cell hne tested and/or to 
limited accessibility of the target sequence due to RNA secondary 
structure or associated proteins. Nevertheless, specific targeting of 
GL2 and GL3 luciferase by the cognate siRNA duplexes indicated 
that RNAi is also functioning in 293 cells. 

The 2-nucleotide 3' overhang in all siRNA duplexes was com- 
posed of (2'-deoxy) thymidine, except for uGL2, which contained 
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Figure 2 RNA interference by siRNA duplexes. Ratios of target to control luciferase were 
normalized to a buffer control {Bu, black bars); grey bars indicate ratios of Photinus pyralis 
{Pp-\uc) GL2 or GL3 luciferase to Renilla reniformis {Rr-\uc) RL luciferase {left axis), white 
bars indicate RL to GL2 or GL3 ratios (rigfit axis), a, c, e, g and i, Experiments pertormed 
with the combination of pGL2-Control and pRL-TK reporter plasmids; b, d, f, h and j, 
experiments performed with the combination of pGL3-Control and pRL-TK reporter 
plasmids. The cell line used for the interference experiment is indicated at the top of each 
plot. The ratios of Pp-luc//?r-luc for the buffer control (Bu) varied between 0.5 and 10 for 
pGL2/pRL, and between 0.03 and 1 for p6L3/pRL, respectively, before normalization and 
between the various cell lines tested. The plotted data were averaged from three 
independent experiments ± s.d. 
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uridine residues. The thymidine overhang was chosen because it 
reduces costs of RNA synthesis and may enhance nuclease resistance 
of siRNAs in the cell culture medium and within transfected cells. As 
in the Drosophila in vitro system (data not shown), substitution of 
uridine by thymidine in the 3' overhang was well tolerated in 
cultured mammalian cells (Fig. 2a, c, e, g and i), and the sequence 
of the overhang appears not to contribute to target recognition'. 

In co-transfection experiments, 25 nM siRNA duplexes were 
used (Figs 2 and 3; concentration is in respect to the final volume 
of tissue culture medium). Increasing the siRNA concentration to 
100 nM did not enhance the specific silencing effects, but started 
to affect transfection efficiencies, perhaps due to competition for 
liposome encapsulation between plasmid DNA and siRNA (data 
not shown). Decreasing the siRNA concentration to 1.5 nM did 
not reduce the specific silencing effect (data not shown), even 
though the siRNAs were now only 2- to 20-fold more concen- 
trated than the DNA plasmids; the silencing effect only vanishes 
completely if the siRNA concentration was dropped below 
0.05 nM. This indicates that siRNAs are extraordinarily powerful 
reagents for mediating gene silencing, and that siRNAs are 
effective at concentrations that are several orders of magnitude 
below the concentrations applied in conventional antisense or 
ribozyme gene-targeting experiments^^. 

To monitor the effect of longer dsRNAs on mammalian cells, 50- 
and 500-bp dsRNAs that are cognate to the reporter genes were 
prepared. As a control for nonspecific inhibition, dsRNAs from 
humanized GFP (hG)^' was used. In these experiments, the reporter 
plasmids were co-transfected with either 0.21 fxg siRNA duplexes or 
0.21 ^xg longer dsRNAs. The siRNA duplexes only reduced the 
expression of their cognate reporter gene, while the longer 
dsRNAs strongly and nonspecifically reduced reporter-gene expres- 
sion. The effects are illustrated for HeLa S3 cells as a representative 
example (Fig. 3a and b). The absolute luciferase activities were 
decreased nonspecifically 10- to 20-fold by 50-bp dsRNA, and 20- to 
200-fold by 500-bp dsRNA co-transfection, respectively. Similar 
nonspecific effects were observed for COS-7 and NIH/3T3 cells. For 
293 cells, a 10- to 20- fold nonspecific reduction was observed only 
for 500-bp dsRNAs. Nonspecific reduction in reporter-gene expres- 
sion by dsRNA > 30 bp was expected as part of the interferon 
response'^. Interestingly, superimposed on the nonspecific inter- 
feron response, we detect additional sequence-specific, dsRNA- 
mediated silencing. The sequence-specific silencing effect of long 
dsRNAs, however, became apparent only when the relative reporter- 
gene activities were normalized to the hG dsRNA controls (Fig. 3c). 
Sequence-specific silencing by 50- or 500-bp dsRNAs reduced the 
targeted reporter-gene expression by an additional 2- to 5-fold. 
Similar effects were also detected in the other three mammalian cell 
lines tested (data not shown). Specific silencing effects with dsRNAs 
(356-1,662 bp) were previously reported in CHO-Kl cells, but the 
amounts of dsRNA required to detect a 2- to 4-fold specific 
reduction were about 20-fold higher than in our experiments'^. 
Also, CHO-Kl cells appear to be deficient in the interferon 
response. In another report, 293, NIH/3T3 and BHK-21 cells were 
tested for RNAi using luciferase/ jS-galactosidase (lacZ) reporter 
combinations and 829-bp specific lacZ or 717-bp nonspecific 
green fluorescent protein (GFP) dsRNA'^ The lack of detected 
RNAi in this case may be due to the less sensitive luciferase/lacZ 
reporter assay and the length differences of target and control 
dsRNA. Taken together, our results indicate that RNAi is active in 
mammalian cells, but that the silencing effect is difficult to detect if 
the interferon system is activated by dsRNA > 30 bp. 

To test for silencing of endogenous genes, we chose four genes 
coding for cytoskeletal proteins: lamin A/C, lamin Bl, nuclear 
mitotic apparatus protein (NuMA) and vimentin^^. The selection 
was based on the availability of antibodies needed to quantitate the 
silencing effect. Silencing was monitored 40 to 45 h after transfec- 
tion to allow for turnover of the protein of the targeted genes. As 



shown in Fig. 4, the expression of lamin A/C was specifically 
reduced by the cognate siRNA duplex (Fig. 4a), but not when 
nonspecific siRNA directed against firefly luciferase (Fig. 4b) or 
buffer (Fig. 4c) was used. The expression of a non-targeted gene, 
NuMA, was unaffected in all treated cells (Fig. 4d-f), demonstrat- 
ing the integrity of the targeted cells. The reduction in lamin A/C 
proteins was more than 90% complete as quantified by western 
blotting (Fig. 4j, k). We note that lamin A/C *knock-out' mice are 
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Figure 3 Effects of 21 -nucleotide siRNAs. 50-bp, and 500-bp dsRNAs on luciferase 
expression in HeLa cells. The exact length of the long dsRNAs in base pairs is indicated 
below the bars. Experiments were performed with pGL2-Control and pRL-TK reporter 
plasmids. The data were averaged from two independent experiments ± s.d. a, Absolute 
Pp-\uc expression, plotted in arbitrary luminescence units (a.u.). b, /?r-luc expression, 
plotted in arbitrary luminescence units, c, Ratios of normalized target to control luciferase. 
The ratios of luciferase activity for siRNA duplexes were normalized to a buffer control (Bu, 
black bars); the luminescence ratios for 50- or 500-bp dsRNAs were normalized to the 
respective ratios observed for 50- and 50D-bp dsRNAs from humanized GFP (hG, black 
bars). We note that the overall differences in sequence between the 49- and 484-bp GL2 
and GL3 dsRNAs are not sufficient to confer specificity for targeting GL2 and GL3 targets 
(43-nucleotide uninterrupted identity in 49-bp segment, 239-nucleotlde longest 
uninterrupted identity in 484-bp segmenl)^^. 
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viable for a few weeks after birth^^ and that the lamin A/C knock- 
down in cuhured ceDs was not expected to cause cell death. Lamin A 
and C are produced by alternative splicing in the 3' region and 
are present in equal amounts in the lamina of mammalian cells 
(Fig, 4j, k). Transfection of siRNA duplexes targeting lamin Bl and 
NuMA reduced the expression of these proteins to low levels (data 
not shown), but we were not able to observe a reduction in vimentin 
expression. This could be due to the high abundance of vimentin in 
the cells (several per cent of total cell mass) or because the siRNA 
sequence chosen was not optimal for targeting of vimentin. 

The mechanism of the 21 -nucleotide siRNA -mediated interfer- 
ence process in mammalian cells remains to be uncovered, and 
silencing might occur post-transcriptionally and/or transcription- 
ally. In Drosophila lysate, siRNA duplexes mediate post-transcrip- 
tional gene silencing by reconstitution of siRNA-protein complexes 
(siRNPs), which guide mRNA recognition and targeted cleavage^'*'. 
In plants, dsRNA-mediated post-transcriptional silencing has also 
been linked to DNA methylation, which may also be directed by 21- 
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Figure 4 Silencing of nuclear envelope proteins lamin A/C in HeLa cells. Triple 
fluorescence staining of cells transfected with lamin A/C siRNA duplex {a, d, g), with GL2 
luciferase siRNA duplex (nonspecific siRNA control) (b, e, h}, and with buffer only (c, f. i). 
a-c, Staining with lamin /VC specific antibody; d-f, staining witfi NuMA-specific 
antibody; g-i, Hoechst staining of nuclear chromatin. Bright fluorescent nuclei in a 
represent untransfected cells, j, k, Western blots of transfected cells using lamin A/C- ( j) 
or vimentin-specific (k) antibodies. The Western blot was stripped and re-probed with 
vimentin antibody to check for equal loading of total protein. 



nucleotide siRNAs^"*. Methylation of promoter regions can lead to 
transcriptional silencing", but methylation in coding sequences 
does not^^. DNA methylation and transcriptional silencing in 
mammals are well documented processes^^, yet their mechanisms 
have not been Hnked to that of post-transcriptional silencing. 
Methylation in mammals is predominantly directed towards CpG 
dinucleotide sequences. There is no CpG sequence in the RL or 
lamin A/C siRNA, although both siRNAs mediate specific silencing 
in mammalian cell culture, so it is unlikely that DNA methylation is 
essential for the silencing process. 

Thus we have shown, for the first time, siRNA-mediated gene 
silencing in mammalian cells. The use of exogenous 21 -nucleotide 
siRNAs holds great promise for analysis of gene function in human 
cell culture and the development of gene-specific therapeutics. It 
will also be of interest in understanding the potential role 
of endogenous siRNAs in the regulation of mammalian gene 
function. □ 

Methods 

RNA preparation 

21 -nucleotide RNAs were chemically synthesized using Expedite RNA phosphoramidites 
and thymidine phosphoramidite (Proligo, Germany). Synthetic oligonucleotides were 
deprotected and gel-purified'. The accession numbers given below are from GenBank. The 
siRNA sequences targeting GL2 (Acc. No. X65324) and GL3 luciferase (Acc. No. U47296) 
corresponded to the coding regions 153-173 relative to the first nucleotide of the start 
codon; siRNAs targeting RL (Acc. No. AF025846) corresponded to region 1 19-139 after 
the start codon. The siRNA sequence targeting lamin A/C (Acc. No. X03444) was from 
position 608-630 relative to the start codon; lamin Bl (Acc. No. NM_005573) siRNA was 
from position 672-694; NuMA (Acc. No. Zl 1583) siRNA from position 3,988-4,010, and 
vimentin (Acc. No. NM_003380) from position 346-368 relative to the start codon. 
Longer RNAs were transcribed with T7 RNA polymerase from polymerase chain reaction 
(PGR) products, followed by gel purification. The 49- and 484-bp GL2 or GL3 dsRNAs 
corresponded to positions 1 13-161 and 1 13-596, respectively, relative to the start of 
translation; the 50- and 501-bp RL dsRNAs corresponded to position 1 18-167 and 118- 
618, respectively. PGR templates for dsRNA synthesis targeting humanized GFP (hG) were 
amplified from pAD3 (ref. 21), whereby 50- and 501-bp hG dsKNA corresponded to 
positions 121-170 and 121-621, respectively, to the start codon. 

For annealing of siRNAs, 20 p.M single strands were incubated in annealing buffer 
(lOOmM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate) 
for 1 min at 90 °C followed by 1 h at 37 'C. The 37 *C incubation step was extended 
overnight for the 50- and 500-bp dsRNAs, and these annealing reactions were performed 
at 8.4 p-M and 0.84 \lM strand concentrations, respectively. 

Cell culture 

32 cells were propagated in Schneider's Drosophila medium (Life Technologies) supple- 
mented with 10% fetal bovine serum (FBS) 100 units mP' penicillin, and 100p.gmr' 
streptomycin at 25 °C. 293, NIH/3T3, HeLa S3, HeLa SS6, COS-7 cells were grown at 37 •'C 
in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 units ml"' 
penicillin, and lOOp-gmP' streptomycin. Cells were regularly passaged to maintain 
exponential growth. Twenty-four h before transfection at 50-80% confluency, mamma- 
lian cells were trypsinized and diluted 1:5 with fresh medium without antibiotics 
(1-3 X 10' cells ml " ' ) and transferred to 24- well plates (500 jjlI per well). S2 cells were not 
trypsinized before splitting. Co-transfection of reporter plasmids and siRNAs was carried 
out with Lipofectamine 2000 (Life Technologies) as described by the manufacturer for 
adherent cell lines. Per well, 1.0 p.g pGL2-Control (Promega) or pGL3-Control 
(Promega), O.i pigpRL-TK (Promega), and 0.21 ^g siRNA duplex or dsRNA, formulated 
into liposomes, were applied; the final volume was 600 [l\ per well. Cells were incubated 
20 h after transfection and appeared healthy thereafter. Luciferase expression was 
subsequently monitored with the Dual luciferase assay (Promega). Transfection 
efficiencies were determined by fluorescence microscopy for mammalian cells lines after 
co-transfection of 1.1 jig hGHP-encoding pAD3 (ref 21) and 0.21 ^.g inverted GL2 siRNA, 
and were 70-90%. Reporter plasmids were amplified in XL-1 Blue (Stratagene) and 
purified using the Qiagen EndoFree Maxi Plasmid Kit. 

Transfection of siRNAs for targeting endogenous genes was carried out using 
Oligofectamine (Life Technologies) and 0.84 jig siRNA duplex per well, but it was recently 
found that as little as 0.01 p.g siRNAs per well are sufficient to mediate silencing. HeLa SS6 
cells were transfected one to three times in approximately 15 h intervals and were assayed 
40 to 45 h after the first transfection. It appears, however, that a single transfection is as 
efficient as multiple transfections. Transfection efficiencies as determined by immuno- 
fluorescence of targeted cells were in the range of 90%. Specific silencing of targeted genes 
was confirmed by at least three independent experiments. 

Western blotting and immunofluorescence microscopy 

Monoclonal 636 lamin A/C specific antibody^" was used as undiluted hybridoma super- 
natant for immunofluorescence and 1/100 dilution for western blotting. Affinity-purified 
polyclonal NuMA protein 705 antibody^ was used at a concentration of 10 ^i-gmf' for 
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immunofluorescence. Monoclonal V9 vimentin-specific antibody was used at 1/2,000 
dilution. For western blotting, transfected cells grown in 24-weli plates were trypsinized 
and harvested in SDS sample buffer. Equal amounts of total protein were separated on 
12.5% polyacrylamide gels and transferred to nitrocellulose. Standard immunostaining 
was carried out using ECL enhanced chemiluminescence technique (Amersham Phar- 
macia). 

For immunofluorescence, transfected cells grown on glass coverslips in 24-weII plates 
were fixed in methanol for 6min at -10 "C. Target gene specific and control primary 
antibody were added and incubated for 8Dmin at 37 "C. After washing in phosphate 
buffered saline (PBS), Alexa 488-conjugated anti-rabbit (Molecular Probes) and Cy3- 
conjugated anti-mouse (Dianova) antibodies were added and incubated for 60 min at 
37'*C. Finally, cells were stained for 4 min at room temperature with Hoechst 33342 (1 jiM 
in PBS) and embedded in Mowiol 488 (Hoechst). Pictures were taken using a Zeiss 
Axiophot camera with a Fluar 40/1.30 oil objective and MetaMorph Imaging Software 
(Universal Imaging Corporation) with equal exposure times for the specific antibodies. 
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Ribosomal peptidyl transferase can 
withstand miitations at the putative 
catalytic nucieotide 
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Peptide bond formation is the principal reaction of protein 
synthesis. It takes place in the peptidyl transferase centre of the 
large (SOS) ribosomal subunit. In the course of the reaction, the 
polypeptide is transferred from peptidyl transfer RNA to the 
a-amLno group of amino acyl-tRNA, The crystallographic struc- 
ture of the SOS subunit showed no proteins within 18 A from the 
active site, revealing peptidyl transferase as an RNA enzyme \ 
Reported unique structural and biochemical features of the 
universally conserved adenine residue A24S1 in 238 ribosomal 
RNA (Escherichia coli numbering) led to the proposal of a mecha- 
nism of rRNA catalysis that implicates this nucleotide as the 
principal catalytic residue^'^. In vitro genetics allowed us to test 
the importance of A24S1 for the overall rate of peptide bond 
formation. Here we report that large ribosomal subunits with 
mutated A24S1 showed significant peptidyl transferase activity in 
several independent assays. Mutations at another nucleotide, 
G2447, which is essential to render catalytic properties to A24S1 
(refs 2, 3), also did not dramatically change the transpeptidation 
activity. As alterations of the putative catalytic residues do 
not severely affect the rate of peptidyl transfer the ribosome 
apparently promotes transpeptidation not through chemical cataly- 
sis, but by properly positioning the substrates of protein synthesis. 
The proposed role of A24S1 in the peptidyl transfer reaction is 
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Figure 1 The secondary structure of the central loop of domain V of T. aquaticus 23S 
rRNA. Position A2451 {E. coli 23S rRNA numeration), the principal catalytic nucleotide in 
the proposed general acid-base catalytic mechanism of peptide bond formation^^, is 
shown in bold. Its tertiary interaction partners, guanine residues 2061 and 2447. 
suggested to be essential for rendering catalytic properties to A2451 , are outlined. Arrows 
indicate the mutations engineered in 23S rRNA. 
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Eukaryotic genomes frequently contain large numbers of repetitive RNA polymerase III (pel III) promoter 
elements interspersed between and within RNA pel II transcription units, and in several instances a regulatory 
relationship between the two types of promoter has been postulated. In the budding yeast Saccharomyces 
cerevisiaef tRNA genes are the only known interspersed pol III promoter-containing repetitive elementSt and 
we find that they strongly inhibit transcription from aiUacent pol II promoters in vivo. This inhibition requires 
active transcription of the upstream tRNA gene but is independent of its orientation and appears not to involve 
simple steric blockage of the pol II upstream activator sites. Evidence is presented that different pol II 
promoters can be repressed by different tRNA genes placed upstream at varied distances in both orientations. 
To test whether this phenomenon functions in naturally occurring instances in which tRNA genes and pol II 
promoters are juxtaposed, we examined the sigma and 1^3 elements. This class of retrotransposons is always 
found integrated immediately upstream of different tRNA genes. Weakening tRNA gene transcription by 
means of a temperature-sensitive mutation in RNA pol III increases the pheromone-inducible expression of 
sigma and Ty3 elements up to 60-fold. 



Many eukaryotic genomes contain families of moderately 
to highly repeated DNA elements containing RNA poly- 
merase III (pol III) promoters (reviewed in references 74 and 
75). Frequently these elements resemble the intragenic pol 
III promoter class found in tRNA and 7SL RNA genes, 
which consist of consensus A-box and B-box sequences 
downstream from the transcription start sites. These ele- 
ments can be found either dispersed as individual copies or 
as highly reiterated tandem copies, especially in heterochro- 
matic regions. The pol III elements are not generally tran- 
scribed into stable RNA commensurate with their copy 
number in vivo, although they can usually be transcribed in 
vitro, and there are numerous reports of condition-specific 
or development-specific activation in vivo (10, 27, 61, 90, 95, 
97, 101), Several hypotheses have been put forward regard- 
ing possible functions for these sequences, but one particu- 
larly interesting suggestion is that dispersed RNA pol III 
promoters might exert either a positive or negative influence 
on the transcriptional activity of overlapping or nearby RNA 
pol II promoters (11» 12, 15, 89, 90, 96). In some cases, 
cryptic pol III promoter elements directly interfere with 
factor binding sites in the pol II promoter upstream region or 
with the pol II initiation site itself. In at least one report, 
however, repression was achieved by an Alu repetitive 
element, in which case there was no obvious steric overlap 
with the neighboring pol II promoter (96). 

In this report, the question of whether RNA pol III 
promoters can exert negative transcriptional regulation on 
neighboring DNA has been approached by studying the 
budding yeast Saccharomyces cerevisiae. Although this 
yeast does not appear to have any ^/u-type repetitive 
elements, the repetitive tRNA genes themselves can be 
considered as a dispersed family of repetitive pol III pro- 
moter elements. Yeast cells contain over 400 tRNA genes 
that occupy over 0.1% of the genome (32), and these genes 
are frequently found near the upstream control regions for 
genes transcribed by RNA pol II. In particular, there is a 



* Corresponding author. 



close association of tRNA genes immediately upstream of 
the Ty retrotransposons (5, 36, 47, 72, 79, 80). This associ- 
ation is precisely positioned in the Ty3 class of full retro- 
transposon and the more numerous free solo repeats of the 
sigma repetitive elements that form the Ty3 long terminal 
repeats. Ty3 insertion occurs with a strong preference near 
the tRNA gene transcription initiation site (13, 14), and it 
seems possible that this insertion preference developed 
because of a regulatory advantage conferred by the neigh- 
boring placement on the chromosome. A very similar close 
association with tRNA genes has been found for the DR£ 
retrotransposons from Dictyostelium discoideum (69, 70). 

To test whether tRNA genes afifect neighboring pol II 
promoters in yeast cells, we placed several tRNA genes 
upstream of two entirely different pol II transcription units 
and found moderate to severe repression of RNA pol II 
transcription. Further, we present evidence suggesting that 
transcription of the neighboring tRNA genes plays a role in 
negatively regulating mating pheromone-responsive expres- 
sion of chromosomal sigma and Ty3 elements in their normal 
chromosomal environment. 

MATERIALS AND METHODS 

Yeast strains and genetic manipulations. Unless specifically 
stated, plasmid expression results are reported for a strain 
that is wild type at GAL4 and GAL80, YM607 (MATvl 
ura3-52 ade2'101 hisS-t^OO tysl-SOl trpl-901 GAL4 GAL80), 
To test the effects of gal4 and gal80 mutations, the related 
strains YM703 (MATvi ura3-52 ade2'101 his3'^00 fys2'801 
trpl-901 tyrl'501 GAL4 gal80'^38), YM708 {MATa ura3-52 
ade2-101 trpl-901 gal4-^542 GAL80), and YM709 {MATb 
ura3-52 ade2-101 his3'A200 fys2-801 trpl'901 tyrl-501 met' 
gal4-^42 gal80-A538) were used. Plasmid constructs were 
also tested for SUP4 and SUP53 tRNA gene and H1S3 
expression in strain YM705 (MATa ura3-52 ade2'101 his3- 
^200 fys2-801 trpl-901 met~ GAL4 GAL80), unless it is 
specified that the experiment was also tested in an a strain, 
YM2062 (MATa ura3'52 ade2-101 his3-^00 fys2-801 tyrl- 
501 GAL4 GAL80 leu2: :GALl-lacZ). For testing the effects 
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FIG. 1. Juxtaposition of tRNA genes with the VASa4i./GAU 
promoter. Expression of HISS coding sequences was put under the 
control of a consensus UASg^ and GALl basal promoter as 
described in Materials and Methods. Transcription of HIS3 se- 
quences is induced by galactose or actively repressed by dextrose in 
the growth media (see Fig. 3). SUP4 and SUP53 tRNA gene variants 
were inserted upstream of the UASc^i.* and their effects on tran- 
scription from the neighboring pol II promoter in yeast cells were 
tested by both His phenotype and HIS3 mRNA levels (Fig. 2 and 3). 
The approximate extent of the primary transcript from the tRNA 
gene corresponds to the arrow shown over the tRNA gene. 



of temperature-sensitive (ts) mutations in RNA pol III, the 
parental strain YNN281 (MATa ura3-52 ade2-101 his3-^200 
fys2'802 trpl'901) and the same strain with a ts point 
mutation in the largest subunit of RNA pol III (YNN281- 
rpcl60-41) were used (31, 102). Growth media were prepared 
and genetic manipulations performed by standard methods 
(46, 84). 

Construction of plasmids. The general constructions of the 
plasmids used in this study are shown in Fig. 1 and 4. The 
plasmids in Fig. 1 are derived from a YCp50 variant in which 
small the £coRI-to-//i>idIII fragment of YCp50 was excised 
and the ends were blunted and religated to remove the 
original £coRI, Cla\, and //mdlll sites. The GALl promoter 
region (lacking upstream activator sites [UASs]) fused to the 
HIS3 coding region was prepared from a previously de- 
scribed clone, plOGH (68), as a BamHVXo-Sah fragment and 
ligated into the Bamffi-io-San. sites of the modified YCpSO. 
Sequencing of the insert shows that it contains a 270-bp 
fragment of the GALl promoter (positions 546 to 816 [49]) 
including the major transcription start site at 760. The 
upstream end of the fragment was formed by exonuclease III 
digestion and EcoKl linker addition. The downstream end 
was created by Xbal cleavage and filling with DNA poly- 
merase to blunt the site. The HISS fragment was prepared by 
cleaving pSc2808 with EcoKi at -10, blunting the site for 
ligation to the blunted A?>a I site of the GALl promoter, and 
cutting with Sail downstream of the HISS coding sequences 
for ligation to the vector Soli site. Upstream of the GALl 



promoter, a single consensus MASqal inserted between 
the vector BamHI site and the £coRI end of the newly 
generated GALl promoter, using a double-stranded syn- 
thetic oligodeoxynucleotide (top-strand sequence from the 
BamHI-to-£coRI sites is 5'-GGATCCGGGTGACAGCCCT 
CCGAAGGAATTQ. This vector without tRNA genes is 
pBM950. tRNA genes were ligated into this BamHI site 
upstream of the UASq^. The SUP4 tRNA gene variants 
with 70 bp of downstream sequence and variable amounts of 
upstream sequence in the BamHI fragments were cloned in 
both orientations (83). SUP53 tRNA gene variants with or 
without internal promoter mutations (43, 73) were amplified 
by PCR, using primers annealing 60 bp upstream of the start 
of transcription (-70 to -55; S'-TCCFTGTrCATGTGTG) 
or 44 bp downstream of the transcription terminator (GAT 
TCTGTGCGATAGQ. BomHI linkers were added to the 
fragments, and they were cloned into the BamHI site of 
pBM950 in both orientations. The sequences of tRNA con- 
structs were confirmed by dideoxynucleotide chain termina- 
tion sequencing from oligonucleotide primers in the vector, 
GALly and tRNA regions. 

To make the metallothionein gene (CUPl) promoter con- 
structs shown in Fig. S, BamHI fragments containing the 
indicated tRNA genes were excised from the pBM950 con- 
structs and placed in either the BamHI site or the £coRV site 
(after addition of BamHI linkers to the £coRV site, deleting 
the BamHI-£coRV fragment of the vector) of plasmid 
pCLUC (gift of Dennis Thiele). pCLUC has, inserted into 
the BamHI-to-£coRI sites of YCP50, a BamHI-to-£caRI 
fragment from YIpCL containing the CUPl UAS/promoter 
fused to the ^-galactosidase {lacZ) coding region as de- 
scribed previously (94). E?q)ression of ^-galactosidase activ- 
ity is induced by the presence of copper in the media. 

Assays for expression of the tRNA genes. SUP4 and SUP53 
are both members of multicopy tRNA gene families (98), and 
RNA production is therefore difficult to assay directly. Both 
genes were assayed by phenotype, however. SUP4 is an 
ochre suppressor that is tested by suppression of ochre 
mutations in adel in the strains used for these studies. 
Constructs were also tested for suppression of the canl-lOO 
ochre lesion in strain W3031A (A£/47a uraS-l adel-l hisS-ll, 
15 trpl'l canMOO GAL4 GALSO; gift of R. Rothstein). All 
SUP4 tRNA gene constructs used in this study are express- 
ing SUP4 by suppression phenotypes. SUP53 genes were 
assayed by suppression of the fys2-801 amber mutation in 
strain YM705. The SUP53 gene without promoter mutations 
was expressed in all orientations and positions shown. As 
expected (73), all internal promoter mutations (C19, G56, 
C19G56, and AAAio_i2TTT23_25; positions are denoted by 
subscript numbers) eliminated the suppression phenotype 
regardless of the strength of their effect on transcription. 

Assays for HISS and iacZ expression. Transcription of the 
HISS gene from the UASq^^GALI promoter in the plasmid 
constructs was assayed qualitatively by two methods to test 
the effects of either SUP4 or SUP53 tRNA gene juxtaposi- 
tion. First, His*^ phenotype was tested by the ability to grow 
on solid synthetic medium in the presence of galactose but in 
the absence of histidine. Relative growth rate (Fig. 2) was 
estimated by colony size with time when strains were 
patched or streaked side by side. All SUP4 tRNA gene 
insertions shown (Fig. 3) completely prevented HISS expres- 
sion by this assay, whereas SUP53 prevented expression 
and promoter-defective SUP53 variants allowed different 
rates of growth. Growth of all constructs in the absence of 
histidine was tested on repressing (dextrose), noninducing 
(raffinose), or inducing (galactose plus raffinose) carbon 



1268 HULL ET AL. 



MoL. Cell. Biol. 



sources (shown in Fig. 3) to ensure that HISS expression, 
when present, depended on function of the UAS^^ and 
GAL] promoter. To directly test HfS3 RNA production, 
cultures were grown to mid-log phase in synthetic inducing 
medium (galactose plus raffinose, lacking uracil). Data are 
shown in Fig. 2 only for the SUP53 piasmid constructs. RNA 
was prepared as described previously (59), and 5 \Lg per lane 
was subjected to Northern (RNA) blot analysis (78) after 
separation on 1.5% agarose formaldehyde gels. Hybridiza- 
tion probes were 5 '-end-labeled oligonucleotides comple- 
mentary to the 5' end of the chimeric HISS transcript 
(5'-GGGCrTTCrGCrCTGTCATCnTGCC) or the 5' end 
of the URAS mRNA (5'-TGTAGCnTCGACATG) as an 
internal control. 

Expression of p-galactosidase from the CUPI UAS/pro- 
moter constructs (Fig. 5) was assayed in triplicate in at least 
two separate experiments as described previously (30, 35). 
Although absolute numbers of units varied between experi- 
ments, triplicate assays within an experiment were repro- 
ducible (±5%), and the degree of repression by tRNA genes 
was consistent between experiments. Enzyme units, shown 
for one representative experiment, are expressed as 200 x 
(OD420/ODQ00)) where OD420 and OD^ represent optical 
densities at 4^0 and 600 nm. Cultures of 5 ml in synthetic 
medium lacking uracil were grown to an OD^oo of 1.0, 100 
mM cupric sulfate was added for 45 min to induce the CUPI 
promoter, and the cells were harvested for assay. 

Chromosomal footprinting. Chromosomal footpnnting was 
performed essentially as described previously (45) to detect 
DNase I sensitivity of the SUP4'lls gene and UASq^^ in 
cellular chromatin compared with DNase I sensitivity of the 
naked DNA. Briefly, exponential cultures of yeast strains 
bearing the single-copy plasmids in selective media were 
harvested, washed, digested briefly with high concentrations 
of Zymolyase, and lysed hypotonically. Hypotonic lysates 
were inunediately subjected to DNase I digestion for 5 min, 
and the DNA was purified. Cleavages were detected on both 
strands by annealing of ^^P-labeled oligodeoxynudeotides 
either 140 bp upstream of the tRNA gene in the piasmid 
vector or immediately downstream of the UAS and exten- 
sion with Taq DNA polymerase for 15 rounds of annealing 
and extension. (Choice of primers was constrained by the 
need to overlap cloning junctions to ensure unique hybrid- 
ization to only the piasmid constructs and not elsewhere in 
the yeast genome.) Position markers for the primer exten- 
sions were provided by dldeoxynucleotide sequencing lad- 
ders produced from the same primers. Detailed chromo- 
somal footprint analysis of the tRNA genes and interaction 
of Gal4 protein with the UASg^l is described elsewhere (41, 
44). 

Assays for sigma and I>3 element induction. Strain 
YNN281 and its derivative bearing a ts mutation in the large 
subunit of RNA pol III (YNN281-;pci60-4i) were grown to 
early log phase in synthetic complete medium at room 
temperature (23°C) and shifted to 37'C with prewarmed 
medium for the indicated length of time. At the indicated 
time, a mating pheromone (Sigma Chemical) was added to 
10 M.g/ml, and growth continued for 30 min. Cells were 
harvested and RNA was prepared as for Northern analysis, 
and the levels of sigma, Ty3, and ADHl RNAs were 
determined by primer extension on all three types of RNA 
simultaneously in the same reactions (62). The 5'-^^P-labeled 
primers annealed near the 5' ends of the sigma element 
consensus (5'-CGAGTAATACCGGA [79]), the Ty3-1 ele- 
ment that is known to be expressed (5'-AGACTCATAA 
GATGA [16, 34]), and ADHl (5'-CGTAGAAGATAACAC 



CT [4]). Primer extension products were separated by elec- 
trophoresis on DNA sequencing gels, the gels were dried 
under vacuum, and the radioactivity in the indicated bands 
(Fig. 6) was quantitated with a Betascope 603 blot analyzer. 
Under no conditions were significant levels of sigma or Ty3 
RNA detected in the absence of a-factor induction, and only 
the a-f actor-induced RNA is shown. Expression of sigma 
and Ty3 RNAs was also evaluated relative to a URAS 
internal control by Northern blot analysis (not shown), with 
qualitatively indistinguishable results. Primer extension re- 
sults were used for quantitation because multiple sigma- 
specific bands were present in the small -molecular-weight 
range of Northern blots, presumably as a result of differ- 
ences in 3'-end formation of transcripts initiated within the 
many sigma copies. (We estimate by Southern blot that there 
are 4 copies of 'IV3 and >20 copies of sigma in strain 
YNN281.) Probes were random-primed DNA from PCR- 
generated entire sigma fragment or an internal Bgfll frag- 
ment of Ty3-1 (34). 

RESULTS 

Repression of pol II promoters by upstream tRNA genes. To 
approach the question of interference between neighboring 
pol II and pol III promoters, we juxtaposed tRNA genes and 
pol II transcription units that could be assayed phenotypi- 
cally for expression. We chose two entirely distinct tRNA 
genes: the SUP5S amber suppressor variant of a tRNA'^" 
gene family (1, 73) and the SUP4 ochre suppressor of a 
tRNA''^'^ gene family (28, 60, 83). These genes were inserted 
upstream of two different pol Il-specific promoters. The first 
of these piasmid constructs is depicted in Fig. 1. The pol II 
transcription unit consists of the yeast HISS coding region 
fused to the GALl promoter, with a single consensus Gal4 
protein binding site (UAS^;;^ or UASq) upstream of the 
basal promoter. In this construct, HISS expression, and 
therefore the ability to grow in the absence of histidine, 
depends on Gal4 protein. Cells were always His^ in media 
containing dextrose, since Gal4 protein is inactive under this 
condition; expression of HISS was tested in medium con- 
taining galactose, in which Gal4 protein is active. Expression 
of the various tRNA genes inserted upstream of the UASo 
was tested phenotypically by suppression of an amber fys2 
allele in the case of SUP53 and by suppression of ochre ade2 
and cani alleles in the case of SUP4. On growth media not 
selective for HISS^ SUP4y or SUP5S, the yeast strains grew 
equally well regardless of which pol II or pol III promoter 
construct was present on the piasmid. 

Figure 2 shows the results of inserting the SUP5S tRNA 
gene and variants with previously characterized point muta- 
tions in the A-box and B-box internal promoters (41, 73). 
The effects of inserting the tRNA genes were qualitatively 
the same regardless of their orientation (not shown). The 
expressed SUP53 gene with a wild-type promoter abolished 
growth in the absence of histidine (Fig. 2A) and reduced 
HISS RNA expression (Fig. 2B). However, mutations in the 
tRNA gene internal promoter alleviated this repression to a 
degree roughly conunensurate with the severity of the effect 
of the mutations on transcription. It is interesting that 
promoter mutations in both the A box and B box alleviate 
repression. The B-box mutations (C^^ and G19C56) com- 
pletely block binding of the initial transcription assembly 
factor, TFIIIC, in vitro and in vivo (41, 73), which prevents 
all further complex formation on the genes (41). In contrast, 
the A-box mutations alone decrease transcription by inter- 
fering with upstream transcription initiation complex forma- 
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FIG. 2. Effects of the SUP53 tRNA gene on neighboring expres- 
sion of HISS. The SUP53 tRNA gene and four internal promoter 
variants with different degrees of residual transcription activity (73) 
were inserted in both orientations upstream of the UAS^^^ as 
shown in Fig. 1 and tested for their effects on HIS3 expression. The 
SUP53 gene fragments contained 60 bp upstream of the transcrip- 
tion initiation site and 44 bp downstream of the transcription 
terminator. Both orientations of a given tRNA gene variant gave the 
same results. (A) HIS3 expression from the GALl promoter (with or 
without the OaSq) in either inducing (galactose) or repressing 
(dextrose) medium was determined by relative growth phenotypes 
in medium lacking histidine. (B) RNA from yeast cells containing 
the same plasmids as in panel A was subjected to Northern anal3rsis 
with simultaneous probes to HIS3 mRNA and URA3 mRNA as an 
internal control. The two right-hand lanes show HIS3 expression 
from the plasmid without a tRNA gene insert under inducing 
(galactose) and repressing (dextrose) conditions. RNAs in all other 
lanes are from cells grown under inducing conditions. Data are 
shown only for tRNA gene fragments inserted in the transcriptional 
orientation opposite that of the VASg^JGALI promoter. 



tion but do not prevent binding of TFIIIC to the interna! 
promoter B box. This finding suggests that it is not TFIIIC 
binding that results in repression of the neighboring pol II 
promoter. The ability of the tRNA gene to repress in both 
transcriptional orientations (see also Fig. 3) is also notewor- 
thy. It suggests that the repression mechanism does not 



involve pol III readthrough transcription stripping bound 
complexes from the pol II promoter sites (see Discussion). It 
also makes it seem less likely that pol II repression results 
from direct steric interference by any particular protein 
components bound to either the upstream or downstream 
side of the tRNA gene transcription complex. 

To reduce further the chances that some DNA sequences 
extraneous to the tRNA gene contribute to the repression 
phenomenon, an unrelated tRNA gene, SUP4, was also 
tested. Figure 3 summarizes phenotype assays for SUP4 
tRNA gene expression (scored by ochre suppression) and 
HISS expression (scored by growth in medium lacking 
histine) in various genetic backgrounds with respect to the 
GAL4 and GAL80 transcriptional regulators. In addition, all 
constructs were tested under repressing, inducing, and non- 
inducing growth conditions for Gal4 protein-mediated tran- 
scription. In the absence of a tRNA gene, the predicted 
phenotypes were obtained. A functional Gal4 protein was 
required for HISS expression to be detected, and this also 
required induction with galactose unless negative regulation 
by GAL80 was alleviated. With SLgalSO mutant, weak growth 
in the absence of histidine was obtained on a noninducing 
carbon source {GAL4'*' GAL80~, Raf column) but not with a 
repressing carbon source (Dex column). In the presence of a 
SUP4 tRNA gene insert, however, the tRNA gene was 
always expressed and HISS was not expressed. 

As indicated in Fig. 3, SUP4 was inserted in both orien- 
tations upstream of the UAS^^/^, with various amounts of 
upstream flanking sequence to buffer the UASc^/^ from the 
tRNA transcription unit. Since the required yeast tRNA 
gene promoter sequences are contained entirely within the 
coding sequences, it was expected that even deletion of all 5' 
sequences down to position -4 {—Ao and -4y in Fig. 3) 
would allow expression of the tRNA gene. In the case of 
-4o, the pol III preinitiation complexes and TFIIIB binding 
are likely to be in direct competition with Gal4 protein 
binding to the UASo^z.* which may have been expected to 
inhibit tRNA transcription (22, 23). However, for all of the 
other constructs shown in Fig. 3, it is unlikely that there is 
direct steric overlap between components of the tRNA gene 
transcription machinery and Gal4 protein. We have previ- 
ously examined the DNase I footprints of both tRNA gene 
complexes and Gal4 protein complexes in chromatin (41, 43, 
44, 45). The tRNA gene complexes extend from 50 bp 
upstream of the tRNA coding sequences to 10 bp down- 
stream of the coding sequences. This is in good agreement 
with steric limits of such complexes in vitro (52, 54), and the 
positions of factors and RNA pol III within the complex 
have been assigned (see models in Fig. 7), GaI4 protein- 
dependent complexes lead to a much smaller protected 
region in chromatin footprinting (44), only about 20 bp 
centered on the UAS sequences. 

Complexes formed in vivo on the SUP4-lls construct 
(Fig. 3) were probed by chromatin footprinting of both 
strands, and the results are shown in Fig. 4. Both the full 
expected footprint from the tRNA gene complex and a 
strong footprint over the UAS^^/^ are clearly visible, with 
over 40 bp of DNase I-accessible DNA separating the two 
regions on both strands. Since these footprints were done 
under conditions in which growth in galactose failed to 
induce HISS expression in -775, the tRNA gene is probably 
not acting by blocking the binding of the Gal4 protein to the 
rather is acting at some subsequent step in 
activation (see Discussion). 

To rule out the possibili^ that repression of pol II expres- 
sion was some phenomenon peculiar to the GAL regulatory 
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FIG. 3. Insertion of a SUP4 tRNA gene: effects of tRNA gene flanking region and GAL regulatory protein mutations. An ochre suppressor 
SIJP4 tRNA gene with 70 bp of native downstream flanking sequence and between 4 and 100 bp of upstream flanking sequence was inserted 
upstream of the UAS^^ in the constructs shown in Fig. 1. Individual constructs are indicated at the right. tRNA gene fragments were inserted 
either in the same (s) or opposite (o) transcriptional orientation as the GALl pronioter-///5i fusion gene. Expression of both the SI/P4 tRNA 
genes and the HIS3 gene was assayed by growth phenotype. Expression of the tRNA gene allows growth in the absence of adenine {SUP4 
colunms) by suppressing an tidel ochre mutation. Expression of HIS3 allows growth in the absence of histidine {HIS3 columns). Different 
combinations of mutations in the GAL4 and GAL80 regulatory protein genes were tested for their effects on promoter interference under 
conditions that were repressing (E>ex [dextrose]), inducing (Gal Raf [galactose plus raffinose]), or noninducing (Raf [raffinose]) for HIS3 
expression from the VAScaJGALI promoter construct. Under all conditions in all strains, HfS3 expression behaved as expected in the 
absence of a tRNA gene. In the presence of any of the tRNA genes, the tRNA gene was expressed and HIS3 was repressed. 



cascade, selected tRNA genes were also inserted upstream 
of an entirely unrelated UAS/promoter region, that of the 5. 
cerevisiae metallothionein gene» CUPl. This promoter is 
activated by the presence of copper and other metals, which 
induce binding of the ACEl transcription factor to the 
UASc£/Pi in vivo and in vitro (25, 42). This UAS/promoter 
was fused to the ^-galactosidase coding region to provide a 
reporter pol II gene product that was unrelated to HIS3y and 
tlWA genes were inserted in both orientations either 200 or 
40 bp upstream of the VAScupi control elements (Fig. 5). 
The result of this experiment^ as judged by p-galactosidase 
activity induced by copper, is that the presence of either the 
SUP4 or SUP53 tRNA gene in either orientation represses 
repression from the CUPl UAS/promoter by between three- 
and eightfold. Internal promoter mutations in the SUP53 
tRNA gene {CigGs^) alleviated this repression. Pol II expres- 
sion was not as completely blocked as in the GAL con- 
structs, which we take as an indication that the degree of 
repression may depend on the exact type of pol II promoter. 
Repression, although slightly variable among constructs, 
appeared to be of roughly the same magnitude whether the 
tRNA genes were inserted 40 or 200 bp from the nearest 
CUPl transcriptional regulatoiy site. This finding lends 
further support to the notion that repression is not due to 
simple steric blockage of the pol II UAS or promoter site. 
These results clearly confirm that the repressing effect is not 
specific for the GAL UAS/promoter and suggest that tRNA 
genes might repress surrounding chromatin in their naturally 
occurring chromosomal locations. 

Repression 1^ tRNA genes In native chromosomal locations. 
Repression by tRNA genes was documented with the GALl 
and CUPl promoters because their regulation and the fac- 
tors bound to their UAS sequences are well understood. To 
test the physiological validi^ these observations at chromo- 



somal loci, we wanted to examine a naturally occurring case 
in which pol III and pol II promoters are juxtaposed. One 
particularly intriguing position in which yeast tRNA genes 
are often found is immediately upstream of pol II promoters 
in sigma repetitive elements, both solo sigma elements and 
those found as long terminal repeats of Ty3 retrotrans- 
posons. Although tRNA genes are found upstream of all 
classes of Ty retrotransposons (5), sigma and Ty3 elements 
are always found inserted exactly at the transcription initia- 
tion site of various tRNA genes in a head-to-head orienta- 
tion. This appears to reflect a preferential Ty3 insertion 
mechanism (13, 14, 57), but it is possible that this insertion 
preference might have developed because the juxtaposition 
confered some advantage to either the retrotransposon or 
the organism. For example, one could imagine unrestrained 
expression of the Ty reverse transcriptase genes being 
detrimental to the yeast host and conditional repression by 
the neighboring tRNA gene providing a selective advantage. 
Since it is possible to induce pol II transcription of sigma and 
Ty3 elements with a mating pheromone, such repression 
could not be complete as for the GAL UAS/promoter. It 
might, however, partially repress expression or function 
only conditionally to prevent promiscuous ly or sigma 
transcription. 

To test for possible repression of all of the transcribed 
chromosomal Ty3 and sigma elements by neighboring pol III 
transcription, we used a conditional mutation in RNA pol 
III. The mutant strain, iS'rpcl60-41 , bears a ts point muta- 
tion in the largest subunit of RNA polymerase III that 
appears to cause defective enzyme assembly and inhibit pol 
III transcription starting 6 to 10 h after shift to yrc (31, 62, 
102). The mutant and its parental wild-type strain were 
shifted from the permissive temperature (23*^C) to the non- 
permissive temperature (37*'C) for various lengths of time 
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FIG. 4. Chromatin footprinting of the tRNA gene/UAS^^ 
region. Chromatin footprinting was used to examine complexes 
stably formed on the UASq^ and SUP4-lls tRNA gene in vivo. 
Primer extension was used to detect DNasc I-sensitive cleavages in 
chromatin (A, lane 2; B, lanes 3 and 4) in comparison with DNase I 
digestion of depioteinized DNA (A, lanes 3 and 4; B, lane 2). Primer 
extensions are also shown on undigested DNA (lanes 1) to indicate 
primer extension stops independent of cleavage. (A) Qeavage 
patterns of the template strand; (B) cleavage patterns on the sense 
strand. A schematic representation to the right of each panel 
indicates the positions of the tRNA coding sequences (dark arrows) 
with A-box and B-box internal promoters and the UASq (striped 
box). Schematic representations of complexes on the tFlNA gene 
and UAS are shown in Fig. 7. (Duplicate digestions of the naked 
DNA (A] or chromatin [B] at different DNase I concentrations are 
shown because the degrees of digestion between the naked DNA 
and chromatin did not match precisely and the duplicate digestions 
encompass the exactly equivalent degree of digestion.) 



and then induced with a mating pheromone for 30 min prior 
to harvest and RNA primer extension analysis. The results 
of simultaneous primer extensions on total sigma RNAs, Ty3 
RNAs, ^xAADHl RNA (internal contro! for pel II transcrip- 
tion) after a-factor induction are shovm in Fig. 6 and 
expressed as ratios in Table 1. Uninduced sigma and Ty3 
RNA levels (not shown) were low and indistinguishable 
between the wild-type and mutant strains. When both strains 
were induced after growth at the permissive temperature. 
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FIG. 5. Effects of tRNA genes flanking a CUPl UAS/promoter. 
The upstream region of the yeast CUPl gene was fused to the coding 
region for p-galactosidase, and various iRNA genes were inserted 
either 40 bp (-240 insertion) or 200 bp (-400 insertion) upstream of 
the most distal UAScc/p/ transcriptional control element (41). The 
CUPl promoter was induced by addition of copper to the growth 
media in exponential cultures, and the induction of ^-galactosidase 
activity was measured as described in Materials and Methods. 
Activity is expressed as a percentage of activity from the construct 
with no tRNA gene inserted. tRNA genes are the same as in those 
used in the GAL constructs (Fig. 1 to 3). 



induction of sigma and TyS RNAs was slightly (less than 
twofold) but reproducibly elevated in the pol III mutant 
relative to the wild type. This might be due to mildly 
defective pol III even at permissive temperatures, since the 
mutant strain grows slightly more slowly than the parental 
wild type under these conditions. 

A very large difference in sigma and Ty3 expression 
between the wild-type and pol III ts strain was seen at the 
nonpermissive temperature, however, and this difference 
was due primarily to the fact that only the wild-type strain 
became uninducible by mating pheromone at ST^'C. To test 
the full effect of the pol III mutation, a time course of 
temperature shift before induction was required. Unexpect- 
edly, the parental wild-type strain consistently became un- 
inducible by a factor, starting less than 6 h after the 
temperature shift and becoming almost completely uninduc- 
ible by 12 h. It is not clear why the sigma and TyS elements 
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become uninducible, but the contrast with the pol III ts 
mutants suggest that the mechanism requires pol III tran- 
scription. Ty3 and sigma expression in the pol III ts mutant 
starts to lose inducibility at 6 h, similar to the case for the 
parental wild type. However, the pol III ts strain regains 
partial inducibility by 12 h and almost full inducibility by 18 
h» when the poi III defect is starting to have pronounced 
effects on tRNA expression (62). 

It is formally possible that some product of RNA pol III 
transcription is required in trans for repression of the sigma 
and Ty3 elements at elevated temperatures. A more straight- 
forward interpretation in light of the preceding GAL and 
CUPl promoter data, however, is that this conditional 
sigma/iyB repression requires active transcription of the 
adjacent tRNA genes. 
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FIG. 6. Effects of a ts pol III mutation on sigma/Ty3 element 
induction. A yeast strain with a ts point mutation in the large subunit 
of RNA polymerase III (ts-rpcl60) and the parental wild-type strain 
(WT) were initially grown to early log phase at 2yC and then shifted 
to 3TC to continue growing for the indicated lengths of time to allow 
phenotypic manifestations of the ts mutation (see Materials and 
Methods). Transcription from the solo sigma elements and Ty3 
elements was then induced with a mating pheromone for 30 min. 
RNA was prepared and analyzed by primer extension using radio- 
labeled oligonucleotides specific for ADHl mRNA (internal con- 
trol), sigma RNA, and Ty3 mRNA in the same primer extension 
reactions. The positions to which the primer probes hybridized to 
the consensus sigma sequence and expressed Ty^'l sequence are 
indicated at the bottom on a schematic representation of the 
ubiquitous association of sigma and Ty3 with various tRNA genes. 
In the absence of a mating pheromone induction, sigma and Ty3 
signals were insignificant under all growth conditions (not shown). 
LTR, long terminal repeat. 



DISCUSSION 

Mechanism of repression by tRNA genes. Multiple forms of 
negative transcriptional regulation have been characterized 
in eukaryotes (discussed in reference 64), including inacti- 
vation or sequestration of positive regulators, binding of 
repressor proteins, transcriptional competition, and silenc- 
ing (6, 18, 39). It is not entirely clear which of these 
categories, if any, apply to the negative effect tRNA genes 
exert on neighboring RNA pol II transcription units, but 
several types of interference between the transcription units 
appear to be ruled out. 

It seems unlikely that either readthrough by pol III or 
positive supercoils propagated in front of the transcribing pol 
III are disrupting the pol 11 UAS or promoter complexes. 
This is primarily inferred from the fact that the tRNA genes 
repress in both orientations, although it is formally possible 
that the mechanism of repression is different for the two 
orientations. Direct steric interference with binding of pol II 
transcription factors to the UAS elements and promoters is 
also improbable for several reasons. Not only do the tRNA 
genes repress at considerable distance from the pol II UAS 
elements, but direct examination of the chromatin showed 
that the UAS is occupied, presumably by Gal4 protein (44), 
when pol II transcription is repressed by the tRNA gene. 
The ability of the tRNA genes to repress in both orientations 
also argues against direct occlusion of the UAS, since 
different ends of the tRNA complex would have to be 
involved in the two cases. 

Although derepression of Ty3/sigma expression by the pol 
III ts mutant suggests that the negative regulatory compo- 
nent might be (or act through) pol III itself, there is no direct 
evidence for this. Other components that interact with the 
polymerase and would therefore be indirectly affected by a 
pol III mutation should be considered. Similarities between 
the upstream elements of pol II and pol III promoters and the 
factors that help to recognize them suggest that there might 
be crossover interactions between pol II and pol III compo- 
nents (58, 65, 71, 86, 99, 100). One intriguing idea is that the 
TFIIIB factor, which binds immediately upstream of the pol 
III transcription initiation site, might be inhibiting pol II 
transcription by serving as a competitive ligand for compo- 
nents of the pol II transcription machinery. TFIIIB is 
composed of several subunits, including the TATA-binding 
protein (3. 40, 50, 53, 66, 67, 92, 103, 104). If this factor, or 
any other component of the pol III complex (7, 9, 17, 19, 21, 
48, 51, 63, 91, 105), bound tightly to the activation domains 
of factors bound at the UAS elements, interactions with the 
pol II basal promoter complex could be competed for (Fig. 7, 
model A). Similarly, some component of the pol III complex 
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TABLE 1. Quantitation of sigma and Ty3 RNAs" 



Construct 



<rlADH 



Ty^lADH 



{olADHj^J{alADH)y^ 



(Ty3MDH)„„»/(Ty3j^/OwT 



WT 
23*C 
3Tt: 
12 h 
18 h 
ts-rpc260 
23*C 

3rc 

12 h 
18 h 

tS'rpcl60/WT 
23°C 
3TC 

12 h 

18 h 



2.52 


0.68 


0.57 


0.17 


0.07 


0.07 


5.U 


0.88 


0.74 


0.20 


4.23 


1.00 



2.01 

1.30 
60.4 



1.29 

1.18 
14.3 



" The amount of radiolabel in the sigma and Ty3 primer extension bands in Fig. 6 is ejqiressed as a ratio to the ADHl internal control for the wUd-type parent 
(WT) and mutant \s-qKl60. The derepression of sigma and Ty3 RNA signals by the pol III ts lesion is also expressed as a ratio of the mutant (mut) signal to the 
wild-type signal. 



might directly interact with the pel II basal promoter ele- 
ments and either prevent productive interactions with up- 
stream factors bound at the UAS (model B) or sterically 
block some aspect of assembly of the pol II complex (model 
C). The pol III complex might also attract the binding of an 
abundant general repressor (56) that is not yet apparent in 
our footprinting studies. 

A last major categoiy of repression mechanism might be 
modification of chromatin structure by the tRNA gene 
transcription complex (model D) (8) and could be thought of 
more generally as attracting unknown repressors to the 
region of DNA. While we currently have no evidence that 
tRNA genes order local chromatin structure, phased nucle- 
osomes have been found associated with chromosomal 
tRNA and 58 rRNA genes (20, 24, 93). Such nucleosome 
arrays could specifically obscure pol II transcription signals 
bidirectionally at considerable distance from the tRNA gene, 
making the tRNA gene seem like a silencer element. Silenc- 
ers, like enhancers, are defined as being orientation indepen- 
dent and reasonably distance independent, whereas repres- 
sor action is normally defined as position-specific binding 
that sterically interferes with some step in initiation complex 
assembly. Silencing at the two silent mating-type loci in S. 
cerevisiae has been studied extensively and requires both 
sequence-specific DNA-binding proteins and modulation of 
local chromatin structure (55; reviewed in reference 37). 
Repression of transcription near telomeres and at specific 
promoters (e.g., PH05) has also been observed to involve 
chromatin structure in yeast cells (2, 26, 29, 33, 38, 76, 77, 
81, 85, 87, 88), although the mechanisms by which these 
effects occur and their relation to silencing are not yet 
known. We have avoided the use of the term "silencer" in 
referring to repression caused by tRNA genes in yeast cells, 
at least until more is known of the mechanisms in both cases. 
In considering the relationship between the two, it is worth 
noting that the silencer at a yeast silent mating-type locus is 
dominant over (represses) transcription of a tRNA gene at 
the locus (82). 

Possible roles for repression by tRNA genes. It seems 
certain that tRNA genes did not originally evolve to function 
as pol II transcriptional repressor elements, yet it is not 
unreasonable that the cell might use the repressing proper- 
ties of a pol III promoter as one regulatory aspect of the 
chromosomal context of a pol II transcription unit. Many 



tRNA genes in yeast cells are repetitive, and eukaryotes 
with larger genomes tend to have both dispersed repetitive 
elements with tRNA-like promoters and cryptic pol III 
promoter elements distributed in and around pol III tran- 
scription units. Whatever forces gave rise to these repeated 
pol III elements and determined their positioning in chromo- 
somes, there have been suggestions in the literature that they 
affect nearby pol II transcription. Our current data show that 
the presence of a tRNA gene can strongly repress nearby pol 
II transcription but that the degree of repression and condi- 
tions under which it manifests are variable. 

The GALl and CUPl promoters, controlled by quite 
different UAS-binding proteins, are both subject to this 
repression under all growth conditions tested, but it is not 
clear that the chromosomal sigma and Ty3 element promot- 
ers are as strongly affected by their associated tRNA genes 
at moderate growth temperatures. We are able to demon- 
strate complete repression of a-factor-induced sigmayTy3 
transcription only when cells are grown at elevated temper- 
ature. The fact that this repression is alleviated by inactiva- 
tion of RNA pol III suggests the neighboring tRNA gene is 
involved in the repression mechanism. There are also many 
other instances in which yeast tRNA genes naturally occur 
upstream of pol II transcription units that can clearly be 
expressed (e.g., the LEU2 gene [1]). It is not known, 
however, whether the tRNA genes contribute to the regula- 
tion of pol II transcription units in a more subtle fashion than 
the constructs tested here do. As noted above, both the type 
of pol II promoter and other determinants of the chromatin 
context could be dominant over the tRNA effects. 

It is not clear what relationship the observed transcrip- 
tional repression by yeast tRNA genes might have to tRNA- 
like promoter elements distributed throughout the genomes 
of larger organisms. It seems unlikely that the pol III 
promoters act as repressors in all or even most instances, 
especially since they appear transcriptionally inert in most 
tissues examined. However, these repeated sequences have 
the capacity to bind pol III transcription factors and be 
transcribed in vitro, and a subset of these sequences might 
be activated in vivo, whether or not stable RNA products 
accumulate (10, 27, 61, 90, 95, 101). Given this potential, it 
would not be surprising to find that the pol III promoters 
contribute to the transcriptional regulation of the surround- 
ing chromatin in many different contexts. 
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FIG. 7. Models for repression of adjacent pol II transcription by tRNA genes. Repression of pol II promoter activation is represented 
schematically at the top, with the tRNA gene complexes (in either orientation) interfering with activation by bound Gal4 protein. Four 
possible models for this repression are presented for discussion. In model A, components of the pol III complex interact with activation 
domains in the UAS complex to give competitive inhibition. In model B, components of the pol III complex interact with components of the 
pol II basal promoter machinery to block productive interactions with the UAS activation domains. In model C, the bulky pol III complex 
sterically blocks the ability of pol II and its basal transcription factors from interacting simultaneously with the UAS and the basal promoter. 
In model D, the pol III transcription complex attracts some type of repressor or repressing phased nucleosomes that block access by pol II 
transcription components. 
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